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P 8STRACT 


LASER  amplification  corresponding  to  a  gain  of  b%  per 

meter  was  measured  at  3u  in  cesium  vapor  optically  pumped  with 

light  from  a  helium  discharge  lamp.  Amplification  and  oscillation 

at  ip  were  measured  in  a  helium-neon  system  based  on  collisions 

of  the  second  kind.  The  amplification  parameters  when  optimized 

resulted  in  a  gain  of  97*  per  meLer.  Krypton-  xenon  and  zinc 

vapor  are  other  media  utilizing  collisions  of  the  second  kind 

which  were  investigated.  Crystals  of  calcium  tungstate  containing 
3-f  3+ 

either  Dy  or  Nd  were  grown.  LASER  oscillation  was  observed 
from  two  crystals  of  CaVCh  Nd.  Direct  amplification  of  the 
output  of  a  ruby  oscillator  in  a  second  ruby  rod  was  demonstrated. 
Three  methods  of  achieving  single  pulse  output  from  ruby  oscillators 
are  described.  A  pulse  of  2  ;<  If  watts  peak  power  was  achieved  by 
one  method.  A  broadband  emission  was  discovered  in  normally  pink 
ruby  ( .047,  Cr  by  weight).  It  accounts  for  30/1  of  the  total  emission 
making  the  quantum  efficiency  anitv.  A  theoretical  an&iycis  of  the 
properties  of  cube  corner  interferometers  has  been  experimentally 


verified. 
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1 ,  Introduction  and  SutxsM ry  of  Results 


The  issaediate  objective  of  this  research  is  to  produce 
working  models  of  LASER  devices,  together  with  the  experimental  and 
theoretical  information  necessary  to  describe  and  predict  their 
performance , 

In  this  section  we  summarize  the  results  that  have  been 
obtained  to  date. 

l.Q  Optical  Pumping  of  Cesium  Vapor  b.  Helium  Lamp 

During  the  present  period  we  have  completed  construction  of 
a  1  cm  diameter  Cs/Ht  LA:  .T  tube  with  an  optically  pumped  length  of 
90  cm.  With  this  apparatus  we  have  measured  directly  light  amplifi¬ 
cation  at  X  *  3.2  microns.  The  measured  amplification  coefficient 
corresponded  to  a  gain  of  approximately  6X. 

More  recentlv  the  light  source  and  reflector  have  been 
improved^  Increasing  the  effective  optical  pumping  end  hence  the  gain, 
by  a  factor  of  2.5, 

The  construction  of  an  oscillator  designed  for  a  7.18  micron 
output  is  now  under  wav. 
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2.U  Direct  Discharge  Excitation  of  LASER  Media 

Three  methods  of  direct  discharge  excitation  utilising 
collisions  of  the  second  kind  were  studied  during  the  present  period. 
They  were; 

i)  excitation  of  Ne  by  Ha, 

b)  excitation  of  Xe  by  Kr  and 

c)  excitation  of  Zn  by  Zn 

2.1  Helium  Neon 

A  quartz  heliuni’-neon  discharge  tube  was  constructed,  one 
meter  long  and  1.5  cm  in  diameter.  When  filled  with  1.0  nan  of  helium 
and  100  microns  of  neon  and  excited  with  rf  power  at  20  Me,  it  exhibite« 
2%  amplification  per  meter  integrated  across  the  total  ltnewidth  at 
X  *  1.1523  microns.  Further  optimisation  of  gain  parameters  was 
accomplished  in  the  optical  resonator  cavity, 

A  type  of  oscillator  cavity  was  constructed  in  which  one 
reflector  was  flat,  the  other  spherical.  The  optical  system  was 
deliberately  made  non-confocal  in  order  to  relax  requirements  on 
alignment.  Strong  oscillations  were  observed  at  >  -  1.1523  microns.. 
Amplification  parameters  when  optimized  resulted  in  a  gain  of  9%  per 
meter  in  a  tube  7  mm  in  diameter,  filled  with  1,5  mra  of  helium,  and 
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3. 


1 70  microns  of  neon.  Initial  observations  of  the  intensity  distri¬ 
bution  in  the  LASER  beam  with  an  image  amplifier  tube,  indicated 
between  four  and  ten  modes  simultaneously  in  oscillation. 

t 

2.2  Krypton-Xenon 

A  series  of  experiments  was  performed  in  order  to  study  the 

tea  ‘‘3-ity  ot  building  a  gas  discharge  LASER  containing  xenon  pumped 

by  collisions  of  the  second  kind  with  krypton  metastable  atoms.  The 

experiments  performed  were  to  ascertain  whether  indeed,  there  could 

be  a  directed  transfer  of  energy  from  the  krypton  system  to  the  xenon 

system.  The  first  series  looked  for  enhanced  emission  of  light  from 
a 

levels  that  would  be  selectively  excited  by  the  krypton;  the  second 

tied 

series  looked  for  selective  depopulation  of  the  krypton  metastable 
ates  as  a  function  of  the  xenon  partial  pressure.  Because  of  the 
ase  in  life time  in  the  discharge  of  the  lower  level  of  the 
proposed  LASER  due  to  resonance  light  trapping,  a  series  of  experi¬ 
ments  were  performed  to  ascertain  this  lifetime.  The  results  of  the 
three  series  of  experiments  indicate  that  krypton  is  interacting  with 
xenon,  «  result  not  in  the  previous  literature. 

2.3  Zinc-Zinc 

Under  particular  experimental  conditions,  excitation  of 

3 

the  6  S  level  of  zinc  in  a  discharge  has  been  observed  to  be  almost 
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entirely  due  to  self  collisions  of  the  second  kind  beLween  metastables 
Under  these  conditions ,  the  maximum  lifetime  of  the  trapped 


resonance  level  of  Zn  (4  P  )  is 


1  x  10  sec  at  a  pressure t 

1.0  mm  Hg,  the  electron 


?_  =  0.6  naa  Hg.  With  helium  admixed  at  P 

Zn  He 

thermalixation  time  is  10  ^  sec. 

3.0  Optical  Pumping  of  Ruby-Amplifier 

Direct  amplification  of  the  output  of  a  ruby  oscillator 
in  a  second  ruby  rod  was  demonst rated.  The  measured  single  pass  gain 
was  2  at  room  temperature  in  a  ruby  cvlinder  5.56  cm  long.  The 
inferred  single  pass  gain  of  12.5  in  a  ruby  eight  inches  long  was 
obtained  by  exciting  it  to  oscillation  at  room  temperature  with  no 
coating  at  either  end. 

4.0  Optical  Pumping  of  Ruby-Oscillator 

Two  long  ruby  crystals  were  excited  to  oscillation  to  obtain 
high  output  energy*  The  measured  output  at  room  temperature  was  2 
joules  from  a  rod  .362"  in  diameter  and  7.56"  long  and  12  joules 
from  a  rod  .625"  in  diameter  and  5.5"  long. 

Single  pulse  output  was  obtained  from  ruby  by  two  methods. 

In  the  first  a  Kerr  cell  was  used  to  modulate  the  Q  of  the  oscillation 
cavity  (consisting  of  a  ruby  rod  with  an  external  mirror).  Single 
pulses  of  0.2^sec  duration  were  obtained  with  a  pea*  power  of  about 
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2x10  w  The  second  method  employed  the  optical  thyratron  action  of 
an  unexcited  ruby  absorber  within  the  oscillation  cavJ  /„  Single  pulses 
were  achieved  but  are  not  yet  always  reproducible. 

A  prior  attempt  to  achieve  intense  single  pulses  is  reported. 
This  technique  consisted  of  exeit  <5  the  ruby  with  a  second  intense 
flash  of  short  duration  superimposed  on  a  normal  exclMtion  flash.  A 
series  of  strong  relaxation  oscillations  of  about  15  usee  duration  was 
achieved, 

A  broad  band  emission  was  discovered  In  normally  pink  ruby 
(.04%  Cr  bv  weight).  It  accounts  for  307.  of  the  total  emission  from  the 
ruby  rod-  making  the  quantum  efficiency  unitv. 

The  output  energy  from  a  ruby  LASER  as  a  function  of  the  end 
coating  (reflectivity  and  transmission)  of  the  ruby  crystal  was  measured. 
The  results  confirm  the  existence  of  an  optimum  re  lectivity  of  a 
relatively  low  value  for  maximum  output  energy, 

5,0  Optical  Pumping  of  Rare  Earth  Crystals 

The  study  of  the  optical  pumping  of  rare  earth  ions  during  this 

period  has  mainly  centered  on  the  investigation  of  calcium  tungstate 

3+  3- 

crystals  containing  either  Dy  or  Nd  .  Two  crystals  of  CaWO^jNd 
have  been  polished  to  optical  tolerances.  LASER  oscillation  has  been 
observed  in  both  at  1.065m-,  No  oscillation  has  yet  been  observed 
(at  5740A)  in  the  several  crystals  of  CaW0^:Dv  tried. 
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6.0  Growth  of  Rare  Earth  Doped  Crystals 

The  foremost  type  of  single  crystals  grown  in  this  period 

vas  the  tungstate  (scheelite)  type,  The  great  majority  of  specimens 

consisted  of  calcium  tungstate  (CaWQ  )  doped  with  various  concentrations 

4 

of  Na^  _  Dy„  _  WO,  in  one  series  and  of  Na  Nd  WO  in  another  series. 
0.5  7G.5  4  0.5  0.5  4 

Six  Dy-doped  crystals  were  grown  (all  at  predetermined  orientation  by 
seeding) ,  and  five  of  these  were  annealed.  Six  Nd~doped  crystals  were 
similarly  grown,  three  of  which  were  annealed.  One  crystal  was  grown 
from  a  melt  of  Na„  _  La„  r  W0  which  proved  to  be  inhomogeneous  by 
observation  and  by  chemical  analvsis  of  the  crystal.  In  place  of  the 
induction  furnace  used  for  the  above  crystal  growths,  a  resistance 
furntce  was  designed  and  built  for  the  lower-melting  host  material: 
lead  molybdate  (PbMoQ^) . 

The  earlier  study  of  anhydrous  lanthanum  chloride  as  a 
host  crystal  was  supplemented  In  this  period  by  a  study  of  anhydrous 
strontium  chloride  (SrCl^).  The  resistance  furnace  used  for  lead 
molybdate  was  modified  by  maintaining  an  inert  gas-hydrogen  chloride 
atmosphere  about  the  crucible  of  molten  SrC'  ,  to  prevent  its  hydrolysis 
and  oxidation.  Pulling  a  crystal  from  this  melt  (to  be  doped  with 
divalent  samarium  chloride)  will  be  attempted. 
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A  new  material  for  incorporating  rare  earth  ions  was 

prepared:  yttrium  vanadate  (YVQ,).  It  melts  at  about  18dO°C  and 

4 

‘seems  to  promote  linn  fluorescence  of  rare  earths. 

7.0  Optical  Devices 

Experimental  and  analytical  work  has  shown  that  efficient 
coupling  in  opLical  pumping  can  be  achieved  using  a  reflective  circular 
cylinder.  Efficiencies  are  higher  than  diffuse  cavities  or  reflective 
ellipses  under  conditions  where  the  lamp  and  sample  diameters  are  not 
negligible  compared  to  the  cavity  diameter. 

A  theoretical  analysis  of  the  properties  of  cube  comer  Inter¬ 
ferometers  has  been  experimentally  verified.  An  attempt  was  made  to 
build  an  oscillator  using  such  an  interferometer  as  a  resonant  cavity. 
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XX,  Optical  Pump in#  of  Cesium  Vapor  by  Helium  Lamp 

1.0  Sygjoary  of  Work  Performed 

During  the  present  period  we  have  completed  construction 

of  a  1  cm  diameter  Cs/He  IASRR  tube  with  an  optically  pumped  length 
of  90  cm*  With  this  apparatus  we  have  measured  directly  light 
amplification  at  X  *  3.2  microns.  The  measured  amplification 
coefficient  corresponded  to  a  gain  of  approximately  6X.  The  construction 
of  an  oscillator  designed  for  a  7,18  micron  output  is  under  way, 

2,0  Analysis  of  Work  Performed 

2,1  amplification  Experiment 

The  following  article,  giving  the  details  of  the  gain  measure¬ 
ment,  has  been  public ed  in  Physical  Review  Letters  (Dec.  1,  1961 
page  415 ) . 
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An  excess  population  density  in  the  upper  of  two  states 
connected  by  an  optical  transition  makes  possible  Light  Amplification 
by  Stimulated  Emission  of  Radiation  (LASER) .  This  lias  recently  been 
demonstrated  ir  a  gaseous  system  employing  collisions  of  the  second 

kind^\  We  have  measured  spatially  coherent  amplification  in  cesium 

(2) 

vapor  excited  by  selective  optical  pumping 

An  optical  pump  suitable  for  obtaining  a  population  inversion 

in  cesium  Is  the  intense  He  3888A  line  which  overlaps  the  3rd  cesium 

resonance  line  (see  Figure  1).  In  1930  Boeckner  reported  fluorescence 

in  cesium  excited  by  the  He  3888A  line^.  We  have  extended  Boeckner fs 

optical  pumping  experiment  by  oagasuring  the  absolute  intensities  of 

(9) 

Cs  fluorescent  lines  and  from  these  measurements  have  computed  the 

populations  of  the  associated  states  using  transition  probabilities 

(S’) 

calculated  by  the  Bates -Damgaard  method 


(1)  A.  Javan,  W.  R.  Bennett,  Jr.  and  n„  R.  Herriott,  Phys.  Rev.  Letters 

106,  Feb.  1  1961 

(2)  A.  L.  Schawiow  and  C.  H.  Townes ,  Phys.  Rev.  112,  1940  (1958) 

and  by  G.  Gould  in  an  unpublished  proposal  to  ARPA  December,  1958. 

(3)  C.  Boeckner,  Bur.  Standards  J.  Research  5_,  13,  July  1930. 

(4)  S.  Jacobs,  P.  Rabinowitz  and  G.  Gould  subm.it ted  to  J.  Opt.  Soc.  Ame 

(5)  D.  R.  Bates  and  A.  Damgaard,  Phil.  Trans.  No  842,  101,  1949. 

*  This  work  was  supported  by  Advanced  Research  Projects 

Agency  through  the  Air  Force  Office  of  Scientific  Research. 
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Table  1  shows  the  populations  of  certain  energy  levels  obtained 
under  optimized  conditions , 


TABLE  I 


Cs  Energy  Levels 


Population  Density 


6  3 

(10  atoms/cm  ) 


8Pl/2 

100 

8P3/2 

30 

8Sl/2 

10 

6D  , 

3/2 

3 

50  , 

3/2 

200 

The  population  of  the  8P^  ^  energy  level  was  substantially  greater 
than  that  of  the  lower  levels,  anc*  ^3/2’  actl°n  was 

therefore  possible  at  the  corresponding  wavelengths,  A  -  7,2p.  and  3.2^. 

The  amplification  coefficient  is  related  to  the  populations 
by  the  equation 


k(v) 


hv 


(B21N2  "  B12N1)  S(v) 


(1) 
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where  S(y)  Is  Che  normalized  llneshape  function  (JS(y)dv  *  1). 
B  is  the  coefficient  of  induced  emission  (  Einstein  B) 

NT  ,  N,  are  the  population  densities, 

A.  Z 


Assuming  a  Doppler  profile,  the  amplification  coefficient 


at  line  center  reduces  to 

flnl 


Hv0) 


1 

I 


I  /in 2  \ 

* 


iA 


o 
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§2 
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where  A  is  the  spontaneous  emission  coefficient  (Einstein  A), 
gf,  g2  are  statistical  weights  and  AX^  is  the  Doppler  width. 

The  experimental  apparatus  for  the  amplification 
measurement  consisted  of  an  optically  pumped  Cs  fluorescent  source, 
an  optically  pumped  amplification  cell,  a  narrow  band  interference 
filter  and  a  radiation  detector  (  ee  Figure  2).  The  measurement  was 
carried  out  at  3.2u,  rather  thin  it  7.2P,  because  of  the  superior 
detectivity  of  a  FbS  liquid  nitrogen  cooled  detector  compared  with 
the  b<*st  7p  detectors. 

The  source  and  amplifier  were  haated  Cs  cells,  9  cm  and 
90  cm  long  respectively,  positioned  within  reflective  cavities  and 
illuminated  by  helium  discharge  lamps.  The  souice  lamp,  F,,  wa3 
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operated  at  30  Mcs  and  modulated  at  105  cps  in  order  to  avoid  chopping 

the  thermal  radiation  emit' ed  by  the  heated  Cs  cell.  The  ampiiiiei 

lamp,  F1#  was  operated  at  400  cps,  since  rf  power,  which  provides  more 

efficient  excitation,  was  not  available  to  run  a  tube  of  its  dimensions. 

The  temperature  of  the  Cs  was  adjusted  for  maximum  fluorescence.  The 

absorption  coefficient  at  the  center  of  the  3rd  Cs  resonance  line  was 

then  k  %  —  where  r  is  the  cell  radius.  The  Cs  source  and  amplifier 
o  r 

diameters  were  4  and  10  nsn  respectively,  corresponding  to  an  optimum 
Cs  temperature  of  175°C  in  the  source  and  165°C  in  the  amplifier,  in 
order  to  reduce  the  effects  of  Impurity  gases  upon  the  population  in¬ 
version  a  continuously  pumped  vacuum  system  was  used  in  the  amplifier 
cell.  The  conductance  was  designed  to  establish  a  vacuum  system  gradient 
of  no  more  than  3%  along  the  amplifier  tube  in  order  to  insure  uniform 
absorption  of  pumping  light.  It  was  found  that  fluorescence  lines 
originating  from  levels  ordinarily  populated  by  collisions  were  reduced 
greatly  in  intensity  when  the  vacuum  system  was  utilized. 

Phase  sensitive  detection  was  used  with  c  time  constant, 
t  %  1/3  sec.,  which  made  possible  detection  of  2  x  10  ^  watts.  The 

power  reaching  the  1/4  x  1/4  mm  detector  from  the  source  was  about 
-9 

10  watts,  and  provided  a  signal-to-nolse  ratio  of  100:1,  The 
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discrepancy  between  system  detectivity  and  observed  signal- to-noise 
was  due  to  mechanical  vibration  of  the  very  small  image  with  respect 
to  the  minute  detector. 

The  direct  amplification  measurement  was  made  by  turning 
on  and  off  the  400  cps  helium  lamp  illuminating  the  amplifier  cell. 

The  detection  system,  locked  in  on  105  cps.  showed  an  increase  of 
4  -  IX  each  time  the  amplifier  helium  lamp  was  turned  on.  The  follow¬ 
ing  checks  were  made,  each  time  repeating  the  above  procedure: 

1.  Cs  vapor  pressure  was  reduced,  gain  disappeared, 

2.  Source  power  was  turned  off;  signal  went  to  zero  and 
remained  there. 

3.  Source  power  was  cn  but  source  light  was  blocked. 

Signal  remained  at  zero. 

4.  Wavelength  filter  was  changed  to  a  «  3.01p  (6P^  ^  "  50^,^ 

transition);  absorptian  was  observed.  '  ' 

5.  Linearity  of  the  detection  system  was  checked  by  introducing 
3.2n  ’'adiation  after,  instead  of  through,  the  amplifier  cell. 
This  was  dene  by  means  of  a  beam  splitter.  The  source  and 
amplifier  intensities  were  adjusted  so  that  the  power  levels 
reaching  the  detector  were  comparable  to  their  original 
respective  values.  The  detection  system  was  again  locked 

to  the  source  no  enhancement  effect  was  observed. 

We  feel  that,  the  above  checks  rule  out  the  possibility 
of  artifact.  The  measured  amplification  is  in  reasonable  agreement 


I 
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with  the  value  computed  from  Equation  2  using  populations  giver 
in  Table  I, 

-1 

k(>  )  »  .002  cm  for  X  *  3,2p 
■  c 

This  coefficient  may  be  reduced  by  a  factor  as  large 
as  2  due  to  Incipient  hyperfine  splitting  In  8P^  ^ ,  Assuming 
a  Doppler  shape  for  both  source  and  amplifier  the  measured  ampll^ 
fication  coefficient  averaged  over  the  lineshape,  is  smaller  by  a 
factor  of  than  the  value  at  line  center.  From  these  considerations 
one  predicts  a  measured  gain  of  approx iuma tely  6%  for  a  90  cm  cell, 
Butaeva  and  Fabrikant  recently  investigated  the  possibi¬ 
lity  of  obtaining  a  population  inversion  in  Cs  by  a  combination  of 

(6) 

optical  pumping  and  collisions  of  the  second  kind  .  They  measured 

variations  in  the  relative  intensities  of  the  7D-6P  fluorescence 

transitions  which  they  suggest  mav  be  due  to  stimulated  emission  of 

radiation.  The  interpretation  of  Butaeva  and  Fabrikant  rests  on  the 

assumption  that  the  lifetimes  cf  6P^  ^  ,  are  not  appreciably 

lengthened  by  radiation  ^rapping.  According  to  the  theory  of  light 

(7) 

imprisonment  due  to  T.  Holstein  ,  the  lifetime  of  these  states 

-8  (8) 

should  be  Increased  from  the  natural  ^iLetlme  of  3  x  10  sec.  to 

(6)  F.  A.  Butaeva  and  V.  A.  Fabrikant  Research  in  Experimental 
and  Theoretical  Physics  -  In  mesoriam  of  G.  S.  Landsberg 
U.S.S.R.  Acad.  Sci  Press  1959 
(?)  T.  Holstein  -  Phys.  Rev  83  1159  1951 

(8)  R.  Minkowski  and  W,  Muhlenbruch  -  2.  Physik.  6_3,  198  1930. 
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about  10  ?ec,}  under  the  conditions  of  their  experiment.  Since 

the  ^rapped  lifetime  is  longer  than  that  of  any  other  excited  Cs 

level,  we  do  not  believe  the  populations  of  6P  could  be  less 

1/2 , 3/2 

than  that  of  any  other  Cs  level,  except  the  ground  level.  This 
conclusion  we  substantiated  by  measurement  of  strong  absorption 
in  the  6P^  ^  -  50^  transition. 

An  improved  apparatus  is  being  built  which  we  believe 
will  increase  the  amplification  coefficient  by  a  factor  of  5.  An 
oscillator  incorporating  Cs  vapor  is  also  under  construction. 

We  wish  to  thank  J.  Sjoblom  for  performing  the 
Bates -Damgaard  calculations,  B.  Freeman  and  J.  Poulos  for 
assistance  in  constructing  the  apparatus. 
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Figure  I  -  Cesium  Doublet  Diagram  Showing  Optical 
Pumping  of  ky  He  J88&A  Radiation. 

Figure  2  -  Experimental  Arrangement  for  Amplification 
Measurement. 

Pi  ,  P_  «  helium  lamps 

j.  2 

C^,  «  reflective  cavities 

S  -  Cs  source  cell 
A  «  Cs  amplifier  cell 
F  -  narrow  bandpass  filter 
D  -  radiation  detector 
V  *  entrance  to  vacuum  pump 
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S  unsnarl  zing  the  result  of  this  gain  measurement,  a  gain  ot 
4  -  \J,  was  measured.  This  measured  v=*lue  is  necessarily  averaged  over 
the  whole  lineshape  and  implies  that  the  gain  at  line  center  was  close 
"o  6%,  in  good  agreement  with  our  expectations  based  on  Cs  fluorescence 
More  recently  the  light  source  and  reflector  have  been  improved, 
increasing  the  effective  optical  pumping,  and  hence  the  gain,  by 
a  factor  of  2.5, 

2,2  Construction  of  Oscillator 

At  the  time  of  this  writing  jurist  ruction  of  an  oscillator 
is  more  than  half  completed.  This  osci’iator  is  designed  for  a 
7.18p  output,  where  the  gain  coefficient  is  6-1  '2  times  tnat  at 
3,20^.  This  increase  in  the  gain  oeffui  nt  corresponds  to  well 
over  100%  gain. 

Although  the  high  anticipated  go in  makes  it  possible  to 
tolerate  very  great  losses,  there  are  two  aspects  of  oscillator  design 
which  require  extreme  caution: 

2,2,1  Windows 

Since  we  were  unable  to  find  adequate  reflectors  which  are 
resistant  to  attack  by  ce*  turn  vapor,  we  plan  to  contain  the  cesium  in 
a  windowed  tube  with  the  reflectors  outside  fn  an  evaluated  region. 

In  addition  tc  protecting  the  reflectors,  this  c  astruccion  maintains 
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the  interferometer  elements  at  near-ambient  temperatures,  and  isolates  the 
turbulent  hot  air  from  the  optical  beam. 

We  hate  found  no  really  pleasing  solution  to  the  problem 
of  sealing  vacuum-tight ,  7u  transparent,  Interferometric  quality 
windows  onto  the  cesium  tube  in  a  way  that  does  not  involve  either 
great  iosses  or  risk.  The  solution  we  have  chosen  is  to  press  flat 
b  tium  fluoride  windows  against  the  flattened  glaSi  tube  ends  and 
then  baffle  trap  and  pump  awav  the  small  amount  oi  cesium  that  l^aks 
through  the  imperfect  seal.  (se°  Figuie  /,D  The  windows  will  be 
oriented  wi  t  h  their  surface  normals  at  r«. -t  r>,  .  ule  -  I  th  *  ,|v  it 

to  the  beam,  so  that  u*e  may  be  made  ot  Lots  anti -reflection  technique. 

2. 2,2  Diffraction  Losses 

The  solut-'on  to  the  window  problem  described  above  involve^ 

an  increase  in  the  resonator  length  to  1,7  meters.  This  great  length, 

combined  with  the  long  wavelength,  makes  the  diffraction  losses  of  the 

7g  oscillator  non- negligible.  These  losses  are  still  quite  manageable. 

provided  the  diameter  is  kept  large.  The  following  expression,  due  to 
(  9  ) 

Barone  ,  shows  approximately  the  way  diffraction  losses  depend  on 
wavelength,  resonator  length  and  diameter. 

f\  \  3/2 

Diffraction  Loss  oc  {  ] 

1  D*  * 


( 9  )  Stephen  Barone  -  Research  on  Properties  of  LASER  Devices 
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(10) 

(The  analysts  due  Co  Fox  and  Li  is  more  accurate  for  Che  present 

case,  but  the  preceding  analytic  expression  shows  approximately  the 

way  in  which  parameters  enter). 

The  need  to  maintain  a  large  diameter  has  led  us  to  defer 

temporarily  construction  of  a  crossed  roof  resonator,  in  favor  of 

a  confocal,  or  near  -confocal  type  of  cavity.  The  beam  in  a  crossed 

roof  resonator  has  only  half  the  diameter  of  that  of  a  plane  Fabry- 

Perot  resonator,  and  hence  approximately  S  times  the  diffraction  losses 

(11)  ,(12) 

while  the  confocal  resonator  has  been  omonst rated  to  have 


diffraction  losses  which  are  less  than  those  of  the  plane  Fabry-Perot. 
3.0  Work  Planned  for  Next  Period 

During  the  next  period  it  is  planned  that  the  7.18p  oscillator 
will  be  successfully  operated  and  its  various  characteristics  measured. 

As  soon  as  the  experimental  threshold  for  oscillation  is 
known  we  will  begin  work  on 

a,  constructing  a  7.18p  oscillator  of  much  smaller  dimensions  and 

b.  operating  at  >,  «  3.2Gp 

(10)  A.  G.  Fox  and  Tingye  Li,  Bell  System  Tech.  Journal  40  453  (1961) 

(11)  G.  D.  Boyd  &  J.  P.  Gordon,  Bell  System  Tech.  Journal  40.  489  (1961) 
(IZ)  D.  R.  Herriott,  private  communication 
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III.  Direct  Discharge  Excitation  of  LASER  Media 
1,0  Summary  of  Work  Performed 

Three  methods  uf  direct  discharge  excitation  utilizing 
collisions  of  the  second  kind  were  studied  during  the  present  period. 

They  were;  Excitation  of  Ne  by  He,  excitation  of  Xe  by  Kr,  and 
excitation  of  Zn  by  Zn. 

1.1  Helium-Neon 

A  quartz  helium-neon  discharge  tube  was  constructed,  one 
meter  long  and  1*5  cm  in  diameter.  When  filled  with  1.0  ram  of  helium 
and  100  microns  of  neou  and  excited  with  rf  power  at  20  He,  it  exhibited 
amplification  of  2%/meter  integrated  across  the  total  linewidth  ct 
X  *  1.1523  microns.  Further  optimization  of  i&i,.  parameters  was 
accomplished  in  the  optical  resonator  cavity. 

A  type  of  oscillator  cavity  was  constructed  in  which  one 
reflector  was  flat,  the  other  spherical.  The  optical  system  was 
deliberately  made  non-confocal  in  order  to  relax  requirements  on  alignment. 
Strong,  oscillations  were  observed  at  X  »  1.1523  microns.  Amplification 
parameters  when  optimized  resulted  in  a  gain  of  9%  per  metor  in  a  tube 
7  mm  in  diameter,  filled  with  1,5  mm  of  helium,  and  170  microns  of  neon. 
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1,2  Krypton-Xenon 

A  series  of  experiments  was  performed  in  order  Co  study  the 
feasibility  of  building  a  gas  discharge  LASER  containing  xenon 
pumped  by  collisions  of  the  second  kind  with  krypton  metstabla  atoms. 
The  experiments  performed  were  to  ascertain  whether  indeed,  there  could 
be  a  directed  transfer  of  energy  from  the  krypton  syst*  a  to  the  xenon 
system.  The  first  series  looked  for  enhanced  emission  of  light  from 
levels  tliat.  would  be  selectively  excited  by  the  krvpton-  the  second 
series  looked  for  selective  depopulation  c£  the  krypton  metastable 
states  as  a  funcdon  of  the  xenon  partial  pressure.  Because  of  the 
increase  in  lifetime  in  the  discharge  of  the  lower  level  of  the 
proposed  LASER  due  to  resonance  light  trapping,  a  series  of  experiments 
was  performed  to  ascertain  this  lifetime.  The  results  of  the  three 
series  of  experiments  ate  listed  below;  -  they  indicate  that  krypton 
Is  interacting  with  xenon,  a  result  not  in  the  previous  literature, 

1,  Enhancement  of  Xe  Emission 

For  the  transitions  2p  -  Is 

6  4 

2p7  '  1S4 

2p9  '  ls4 

an  average  of  five  times  the  expected  amount  of  emission  of  xenon 
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light  was  measured,  over  the  average  of  three  control  emissions 

3p?  -  ls2 

2P3  -  1S2 
4d3  '  2p10 

in  a  mixture  of  100u  of  Kr  and  8^.  of  Xe. 

2,  Depopulation  of  Kr  Is^ 

For  three  transitions  out  of  the  Kr  Is ^  state,  the  increase 
of  Xe  partial  pressure  from  In  to  IGp  caused  an  average  11%  decrease 
in  absorption  coefficient.  The  slight  lowering  of  electron  temperature 
by  the  increase  of  Xe  pressure  did  not  change  the  emission  of  various 
Kr  lines  examined  in  emission. 


Guided  by  Holstein’s  model,  the  absorptions  out  of  the 
Xe  ls^  and  lsc;  states  were  compared.  At  1  micron  of  Xe,  the  average 
absorption  out  of  the  ls^  to  2p  states  for  4  transitions  was  2.1%, 
the  average  for  3  transitions  from  the  Is  state  to  the  2p  states  was 
42.9%,  At  higher  pressures  the  absorption  coefficients  were  so  large 
from  both  the  ls^  and  Is  states  that  meaningful  measurements  could 
not  oe  made.  This  dramatic  evidence  tells  us  we  are  in  the  region 
where  an  inversion  may  be  possible. 
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1.3  Zinc-Zinc 

Under  particular  experimental  conditions,  excitation  of 

3 

the  6  S  level  of  zinc  in  a  discharge  has  been  observed  to  be 
almost  entirely  due  to  self  collisions  of  the  second  kind  between 
me  tas tables . 

Under  these  conditions,  the  maximum  lifetime  of  the 

3  -3 

trapped  resonance  level  of  Zn  (4  P^)  is  t  »  1  x  10  sec  at  a  pressure, 

P  =  0.6  nsn  Hg.  With  helium  admixed  at  P  «  1.0  ram  Hg,  the  electron 
Zn  He 

-5 

thermalization  time  is  10  sec. 
re 

2.0  Analysis  of  Work  Performed 

2.1  Helium-Neon  System 

2.1,1  Amplification  Experiment 

An  experiment  to  observe  amplification  at  one  or  more  LASER 
frequencies  in  the  helium-neon  system  was  performed.  An  energy  level 
diagram  of  this  system  is  given  in  Figure  3.1.  A  gain  of  2i)%  per  meter 
was  observed  at  >  *  1.1523  microns.  This  gain  measurement  was  an 
average  across  the  total  linewidth,  and  did  not  give  the  peak  spectral 
gain. 

2, 1.1.1  Design  of  Double  Modulation  Apparatus 
In  using  the  double-beam  spectrophotometer  described  in 
the  Xe-Kr  section  of  this  report  we  found  that  it  was  subject  to  a 
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subtle  form  of  rf  pick-up. 

Though  the  double-beam  apparatus  has  equal  optical  path 
lengths  through  the  two  beams,  the  two  paths  suffer  different  amounts 
of  vignetting.  That  is,  a  change  in  the  spatial  distribution  of  the 
discharge  in  the  source  lamp,  caused  by  pick-up  from  the  rf  power  exciting 
the  amplifier  tube,  can  cause  a  change  in  the  relative  amount  of  light 
in  the  two  paths.  This  change  in  angular  distribution  of  source  light 
manifests  itself  as  an  unbalancing  of  the  optical  bridge  which  was 
oaianeed  in  the  absence  of  if  excitation  to  the  amplifier  tube. 

Since  it  was  found  that  extremely  small  amounts  of  rf 
pick-up  could  cause  an  apparent  gain  equal  to  the  gain  we  were  trying 
to  measure  we  abandoned  the  double-beam  system  for  the  double  modulation 
svstera  which  is  relatively  resistant  to  rf  pick-up. 

In  the  double  modulation  scheme,  the  source  lamp  is  modulated 
at  one  frequency  and  the  discharge  in  the  amplifier  tube  is  modulated 
at  a  different  frequency.  If  there  is  either  absorption  or  amplification 
there  will  be  a  mixing  of  the  two  modulation  frequencies,  producing 
the  sum  and  difference  frequencies  iri  the  absorbed  or  amplified  wave¬ 
lengths.  The  strength  of  the  output  signal  at  the  difference  frequency 
for  example,  will  be  proportional  to  the  source  intensity  Iq  and  the 
amount  of  amplification  or  absorption  taking  place. 
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In  the  experiment  performed  here  the  source  light  was 
modulated  at  1320  cps  and  the  amplifier  cell  was  modulated  at  1  ke. 

This  generated  a  difference  frequency  of  320  cps  which  was  detected  by 
a  phase  sensitive  detector  locked  to  an  externally  mixed  portion  of  the 
two  modulating  signals  (see  block  diagram  of  double-modulation  apparatus, 
Figure  12  ) . 


We  measure  the  difference  between  the  source  lamp  signal 

aL 

and  the  light  leaving  the  80  cm  amplifier  tube,  • 

Thus 


Signal  -  I 


I  &  I  aL. 

o  o 


-1? 

In  our  apparatus  the  minimum  noise,  N,  is  6  x  10  *'  watts/cycle, 

The  minimum  detectable  signal  occurs  when  signal  equals  noise,  or  when 
I0aL  -  N,  Thus  the  minimum  detectable  amplification  coefficient,  a,  is 


given  by: 


-12 

.  6  x  10  watts/cycle 

a  -  N/I  L  «  - 

I  x  80  cm 
o 


Our  minimum  detect4ble  value  of  a  for  X  -  1.1523p.  is  determined  by  the 

-5 

relation  dL  »  1/4%,  or  a  «  3  x  10  cm 
With  I  -  2.4  x  10’^  watts,  that  is  400  x  N. 

The  sensitivity  to  rf  pick-up  described  here  is  not  inherent 
in  double-beam  systems.  If  one  were  to  take  sufficient  pains  to  construct 
truly  equivalent  optical  paths  for  both  beams,  then  no  change  in  source 
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lamp  brightness  would  unbalance  the  optical  bridge  True  balanced.  In 
such  a  system  one  would  not  be  permitted  to  use  an  Irib  t balance  he 
bridge  since  the  iris  would  necessarily  be  an  aperture  stop  tor  one 
path  which  would  introduce  vignetting  which  would  not  have  its  counter¬ 
part  in  the  other  path. 

Rather  than  attempting  to  further  shield  the  source  i-amf  x 
provide  a  variable  attenuator  of  constant  aperture  we  elected  to  construct 
the  double -modulation  system. 

In  the  double  beam  system  one  loses  half  the  available  signal 
at  the  half  silvered  mirror  where  the  two  beams  are  recombined,  since 

half  of  each  beam  is  thrown  away. 

In  a  double  modulation  and  single  moduition  beam  system  the 

source  intensity r  IQ»  is  given  by: 

IQ  ~2  (l+sinS-^). 

The  modulated  absorption  coefficient  in  the  double  modulation 
system  is  §  (l+sin9  ).  The  unmodulated  absorption  coefficient  is 
simply  B.  In  the  latter  case  the  result  of  absorption  is  I  -  B  x  j 
(l+sin^).  The  detected  ac  s'^nal.  is 

I ,  «  M  sinQ-,  . 

detected  2  1 
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In  the  double  modjlated  s>sti*s  the  result  of  absorption  is 
A  B 

-  (I+slnQp  x  j  (Irsin02> .  The  detected  ac  signal  is 
1  detected  "  T  C°S  (  V02> ' 

Thus  compared  with  the  unmodulated  system  the  detected  double  modulation 
signal  loses  half  its  light  from  the  loss  of  one  sideband  i.e,  cosItf^+S^) 
and  it  loses  half  of  what  is  left  simply  beaause  the  absorber  is  off  half 
the  time.  In  our  experiment  we  find  a  ratio  of  4,3  rather  than  4.0.  This 
is  undoubtedly  due  to  the  fact  that  neither  modulation  was  truly 
sinusoidal.  With  the  double  modulation  system  we  observed  1.57.  gain  in 
a  mixture  of  lOGp  Ne  and  1  mm  He  in  an  80  cm  long  1.5  cm  diameter 
discharge  region,  with  30  to  50  watts  excitation.  The  source  tube  was 
15  cm  long  and  1.5  cm  diameter. 

Gain  disappeared  when  the  rf  power  exceeded  50  watts,  and  of 
course  no  signal  was  seen  with  source  or  amplifier  discharge  alone. 
Absorption  was  seen  when  the  He  partial  pressure  was  reduced,  keeping 
the  same  total  pressure. 

Alter  assuring  ourselves  that  a  sealed  off  tube  would  continue 
to  show  gain  after  a  few  days  of  idleness  we  went  on  to  construct  a 
He-Ne  oscillator. 
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2,1.2  Oscillation  Experiment 

After  measurement  of  gain  in  the  He-Ne  amplifier  experiment, 
work  was  started  on  oscillators  which  will  make  use  of  the  crossed  roof 
and  cube-corner  interferometer  principle.  The  great  stability,  and 
ruggedness  of  these  devices  is  described  in  the  Optical  Devices  section 
of  this  report. 

Before  putting  any  of  the  retrore fleeting  optics  in  it  was 
decided  to  build  a  LASER  to  use  as  a  standard  against  which  to  compare 
the  retroreflector  cavities.  For  this  first  LASER  we  are  using  a 
modification  of  the  confocal  cavity  described  by  Boyd  and  Gordon^\ 

The  modified  cavity  has  vastly  reduced  diffraction  losses  compared 
with  the  plane  Fabry-Perot  cavity,  and  the  line-up  of  the  elements  is 
also  much  less  critical.  The  results  of  Boyd  and  Gordon  can  be  inter¬ 
preted  as  showing  that  a  cavity  with  one  of  the  spherical  mirrors 
replaced  by  a  flat  located  such  that  the  distance  between  the  flat  and 
spherical  mirror  is  less  than  the  focal  length  of  the  sphere  will  have 
the  desired  properties.  In  our  system  the  separation  is  120  cm  and  the 
focal  length  of  the  sphere  is  195  cm. 

Oscillation  was  observed  at  A  »  1.1528p  with  approximately 

fifty  microwatts  in  the  LASER  beam.___Threshqld_fqr  _qs c 41  la _ _ 

(13)  G.  D.  Boyd  and  J.  P.  Gordon,  Bell  System  Tech.  Journal  40  489  (1961) 
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two  watts  of  rf  power  into  a  twenty  centimeter  length  discharge.  One 
can  estimate  from  this  a  gain  of  9%  in  a  meter, 

2, 1,2,1  Design  of  Oscillator  Apparatus 

The  He-Ne  LASER  was  corstructed  with  internal  reflectors. 

The  reflectors  are  a  1.95  meter  focal  length  spherical  silvered  mirror 
and  an  optical  flat  with  multi-layer  coating.  See  Figure  3.3  and  3.4 

There  is  120  cm  between  reflectors  and  90  cm  of  7mm 
i.d,  quartz  discharge  tube.  The  spherical  mirror  and  flat  each  sit 
in  a  holder  connected  to  the  discharge  tube  by  a  stainless  steel  o'  s. 

The  sphere  is  adjustable  to  one  minute  of  angle  with  the  system  evacuated. 

Spacing  between  mirrors  is  determined  by  two  aluminum 
I-beams  secured  to  a  granite  surface  plate. 

Light  is  collected  from  the  device  through  the  0.87. 
transmitting  multi-layer  and  the  1/20-wave  flat  vacuum  window.  Both 
ends  of  the  device  are  demountable  with  knife  edge  seals  biting  into 
copper  gaskets. 

The  LASER  is  filled  from  an  metal  gas  handling  system 
using  a  cryogenic  fore  pump  and  a  five  liter  per  second  ion  pump.  The 
shorter  diffusion  path  (for  a  7  ram  diameter  tube,  rather  than  a  1,5  ran 
tube)  for  the  neon  metastablcs  to  be  de-excited  by  collisions  with 
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the  walls  permitted  higher  transfer  rates  to  be  employed  in  the 

pumping  process.  Thus  the  neon  partial  pressure  was  raised  to  170 

microns ^  the  helium  partial  pressure  to  1.5  nun.  Pressures  of  He  and  Ne 

are  measured  with  a  Magnevac  gauge  calibrated  with  a  McLeod  gauge  on 

another  vacuum  system.  These  precautions  assure  that  there  will  be  no 

contaimination  of  the  discharge  by  Hg  or  organic  materials  from  oil  scale 

fore  pumps  or  diffusion  pumps. 

It  has  been  found  that  an  oil  sealed  fore  pump  may  preceed 

the  cryogenic  fore  pump  to  increase  the  pumping  speed  of  the  system 

for  helium.  This  combination  can  bring  the  entire  system  to  1  x  10  ~*mm 

Hg  with  no  other  pump  operating.  With  the  ion  pump  operating  the 

-8 

ultimate  pressure  for  the  filling  system  is  2  x  10  mm  Hg. 

2.1.3  On  the  Question  of  Adding  Argon  to  the  He-Ne 
LASER  Discharge 
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The  suggestion  has  been  made  by  A,  Javan  that  the 

addition  of  argon  to  the  He-Na  LASER  discharge  would  most  probably 

give  increased  gain.  This  is  predicated  on  the  claim  by  W.  Bennett 
(14) 

and  A.  Javan  that  the  major  procass  for  populating  the  lover  levels 


(15) 


of  the  LASER  transitions,  (the  2P  configuration)  is  electron  excita¬ 
tion  of  the  He  Is.  metast  ble  atoms  upwards  to  the  2P  states. 

The  following  is  merely  a  comparison  of  the  various  transfer 
rates  to  show  that  the  suggestion  Is  plausible. 

The  basic  transfer  rata  for  punping  of  the  upper  IASEI 

05,16) 

levels,  (the  2s  configuration)  is  given  by  W.  Bennett 


-1 

n  c  v  -  16,000  sec  fur  neon  pressure  of 

we  He-we  100  microns 

where  n^#  is  population  of  neon  atoms  in  s.toms/cm 

°Hs-Ne  i#  average  cross-section  for  collisions  of  the  2 
second  kind  exciting  the  He  2s  configuration  fo  ca  , 

v  is  the  mean  relative  velocity  of  He  with  respect 

to  He  in  coy's  ec . 

14)  A.  Javan,  calk  at  Gsssous  Elsctronics  Conference,  10*13-61, 

X})  W  Bennett,  talk  st  TEG,  Inc.  2-15-61. 

14)  Recalculated  approximately  by  G.  Crosof  from  data  by  A,  Phelps 
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Tha  transfer  rates  fci  ionization  of  argon  by  He  and 

(17) 

Ne  nie testable  atom*  are  respectively, 


n  12.8  x  10 


n  o  v«n  (9,7  x  IQ*17  cm2)  (13.2  x  1(T  cm/*ec) 
A  He-A  A 

-12 


4 


n  o.f  .  v  *  n,  (26  x  10*17  cm2)  (6.7  x  10'  cm/aec) 
A  Ne-A  A 


n  17.4  x  10 

A 
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We  shall  ignore  the  direct  de -excitation,  of  the  upper  LASER 
levels,  (the  2s  configuration)  by  the  argon  atoms. 

As  an  upper  limit  to  the  amount  of  argon  that  may  be 
added  in  a  constructive  fashion,  we  require  that 


Transfer  Rate  He  +  A  ~  Transfer  Rate  He  -*•  Ne 


As  a  lower  limit  to  the  amount  of  argon  that  may  oe 
added  in  a  constructive  fashion,  we  require  tnat 


1 

Transfer  Rate  Ne  -*  A  -  r 

D 

vhe**e  T  is  the  diffusion  time  of  the  Ue  Is  meta stable  atoms 

D  (16) 

to  the  walls.  Phelps  ,  et  si  have  made  a  clear  case  that  in  the 
pressure  range  of  the  LASER  discharge,  and  for  the  power  density 


17)  Cross-sections  from  M.  A.  Biondi,  Fhys.  Rev,  85,  653  (1951) 

1|)  A.  V,  Phelps,  Westinghouse  Research  Laboratories,  Scientific 

Paper  6-94439-6P3 
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of  the  discharge,  the  major  relaxation  method  for  the  1#^  raetaatablas 
is  by  diffusion  -  limited  collisions  with  the  wells. 


235  x  10  6  seconds 


2 

where  A 


is  the  characteristic  diffusion  length  squared 
for  a  long  cylinder  of  radius  R  -  0.75  cm 
in  our  case. 


D  is  obtained  from  Phelp‘8  general  expression, 
m 
o 

D  =*  413  cm  /sec.  It  may  be  noted  that  the  diffusion  coefficients 
m 

for  excited  atoms  d.  h^er  from  those  for  unexcited  atoms. 


The  inequalities  requii? 


lo 

n  12,8  x 

A 

-12 

10 

-1 

sec 

£ 

-1 

16,000  sec 

n 

A 

<1 

12,5  x  10  atoms/cm 

II. 

n  17,4  x 
A 

•  1? 
10  1 

-1 

sec 

:> 

1 

235  x  10  ^  sec 

n 

A 

24,5  x  1Q^  atoms/caT* 

o 

•  a 

14 

2.45  x  10 

stoma  /cm*  5 

n 

a 

£  1.25  x  10^  atoms/cm 

converting  to  partial  pressure  of  argon  P  ,  we  obtain 

A 

7.56p  ’*i 

(1?)  A ,  V.  Phelps,  Phys.  Rev,  114,  1011  (1959) 
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It  is  prudent  to  add  as  little  argon  as  possible, 

because  of  the  arson-induced  perturbation  to  the  high-energy  tail 

of  the  electron  distribution  Tee  LASER  is  dependent  on  the  supply 

of  electrons  of  energy  greater  tlian  the  20  electro  volt  threshold 

3 

for  excitation  of  the  "punping"  He  2  netastable  a  to, ns , 

One  cay  calculate  the  electron  temperature  frou  the 
empirical  ionisation  by  electrons  in  Cue  discharge  and  from 

(20) 

various  otner  parameters,  follov/iug  the  method  of  von  Engel 
For  pure  gases  a  s  >lution  of  a  universal  nature  is  given  by 


where 


x  7  2 

L__  =  1,2  x  10  (epK) 

/x 


"c 


(3.1) 


e  =  elactron  ciuarge 

=  ionisation  potential 
k  -  Bolczman’s  constant 

2 

T ^  ■»  electron  tenperature  defined  by  1/2  rnv  -  3/2  k 


a  -  ionization  efficiency 

«  Ionic  mobility 
p  «=  pressure 
R  *•  tube  radius 


(20)  A „  von  Engel  "Ionised  Gases",  Oxford  p.215  (1055) 
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for  R  -  0  75  cm,  and  a  graphical  solution  to  equation  (3*L), 
vre  obtain 

GAS _  Rep  T 

pure  He  3  x  10'3  21,00Q*K 

pure  Ne  4,5  x  10“3  i7,000#K 

pure  A  3,0  x  10~2  10,50U*K 

We  estimate  the  Ke-Na  LASER  electron  tec$>eratisre  as 

T  5;20,000°K  or  T  «  1„7  electron  volts,  and  that  ot  the 
e  ® 

He-Ne-A  semi -Penning  mixture  at  T  *  15,C0u*K(?)  T  «  1.3  ev, 

e  * 

The  relevant  quantity  it  £,  the  fraction  of  electrona  of  energy 
greater  than  20  electron  volts.  This  requirea  the  integraticnof 
the  Maxwellian  energy  distribution: 


where  E  *  electron  energy  in  electron  volts 


Ne  -  total  number  of  electron»/cm 
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Ic  is  thus  possible  that  if  the  estimate  of  the  drop  in 
electron  temperature  is  as  severe  as  chosen,  the  production  rat< 
for  new  He  metastables  would  be  severely  decreased. 
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.2,2  Xenon- Kryp ton  S ys Lem 

Because  of  the  paucity  of  knowledge  of  the  relevant  parameters, 
the  Xe  Kr  system  has  been  studied  in  a  very  empirical  fashion  in  the 
laboratory.  The  Kr  ls^  metastable  state  is  known  from  atomic  beam 
results  to  have,  a  free  state  lifetime  greater  than  1  millisecond. 

The  states  for  which  energy  level  coincidences  exist  with 
resonance  energy  defect  E  less  than  ambient  kT  =  209  cm  are  listed 
below 


It*  v 

is  r 

Xe  E 

4  -  E 

Possib.'  e 

LASER  Transition 

2p5 

Kr  Xe 

147  cm  * 

2p 

is 

0.9  microns 

lsr 

Id 

1(-  '1 
t  1  o  cm 

3d 

'  2p 

4.0  microns 

5 

5 

-1 

-  53  cm 

3d 

-  2p 

4.0  microns 

Is 

2s 

*  1 

*-  3  cm 

2s 

'  2p 

1.5  microns 

-J 

5 

The  mo^t  favored  tr  ns  it 

ion 

for  po 

ssible  LASER  action  is  in 

the 

4*0  micron 

region.  Because  of 

the 

added 

difficulty  to  an 

already 

complex  experimental  set  jp  no  at 

tempt  was 

made  to  study  the 

4.0 

micron  transitions,  A  careful  search  for  enhancement  of  Xe  emission 
yielded  only  positive  results  for  rhe  2p  -  1*  transitions.  No 
correlation  between  the  amount  of  enhancement  and  the  resonance  energy 
defect  could  be  made  for  the  transirrons 
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2P 6  ‘  1S4 


2P7  '  1=4 


2Pq  ‘  1sa  * 


An  average  of  five  times  the  expected  amount  of  emitted  light  was 


measured,  over  the  average  of  three  control  transitions 


3p7  -  la  2 


2p*j  ”  ls2 


4d3  -  2p. 


in  a  mixture  of  8  microns  of  xenon  and  100  microns  of  krypton. 

A  series  of  experiments  was  performed  of  absorptions  out  of 

the  krypton  lss  metastable  state  as  a  function  of  xenon  par'.. a, 
pressure  to  determine  if  indeed,  energy  was  being  transferred  to  the 


xenon  system. 


For  three  transitions  out  of  the  krypton  ls5  state,  the 


increase  of  xenon  partial  pressure  from  1  micron  to  10  microns  causeo 
an  average  11%  decrease  in  absorption  percentage.  The  slight  lowerin 
of  electron  temperature  by  the  increase  of  xenon  pressure  did  noL 
change  the  emission  of  various  krypton  lines  examined  in  emission, 
so  that  one  may  conclude  that  the  depopulation  was  caused  by 


collisions  of  the  second  kind  with  xenon  at^ms. 
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The  basic  transfer  rate  for  exciting  the  xenon  atoms  by 
the  krypton  ls^  metastable  is 


a 

Kr  — >  Xe 


v  **  R* 


i 


(3.2) 


where 


a,,  * 

Xe 

0  Kr  »Xe* 
v  = 


_  3 

number  of  Xe  atoms  (cm  ) 

2 

average  cross-section  in  cm 

average  relative  velocity  of  Xe-Kr(cny/sec) . 


Although  we  do  not  know  the  cross-section  for  collisions  of  the 

second  kind,  we  may  make  an  estimate  following  aruguments  of  the  type 

(21  )  (22  ) 

used  by  Massey  &  Burhop  ,  and  Rautian  and  Sobelman  ,  Additionally 
the  experimental  data  collected  by  Zemansky  supports  the  argument. 

One  may  make  a  guess  as  to  the  upper  limit  on  the  cross- 
section  for  exact  resonance  between  identical  atoms  undergoing 
optically  allowed  transitions  as 

9  3  2 

o  -  22_1±_  , 
max  vh 

_  ^g 

where  p  is  th«_  dipole  moment  ^  10  e.s.u. 

v  is  the  relative  velocity  of  atom-atom  system 
h  is  Planck’s  constant  , 


(21)  Massey  &  Burhop  "Electronic  and  Ionic  Impact  Phenomena " p . 444 
(Oxford  1952) 

(22)  S.  Rautian  and  J.  Sobel'man,  J.  Exptl.  Theoret.  Phys.(USSR) 
39,  217  (1960) 
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Thus . 

2-3  *  10“13 

From  a  correspondence  principle  argument,  when  an  energy 
defect  exists  one  requires  that 


aAE  1 

— —  -V  i, 

hv 


where  a 
AE 


“8 

*  range  of  atom-atom  Interaction -* 10 
**  energy  defect  --  .018  ev^ 


cm 


in  order  to  have  a  cross-sectica  for  transfer  of  excitation  somewhere 
in  the  neighborhood  of  gas  kinetic.  Using  these  values  of  the  parameters 
and  v**  4  x  10^  cm/sec  one  finds  that  the  condition  is  satisfied. 

Thus  the  cross-section  is  possibly  10  cm*"  for  Kr  Is^-tXe^p^ . 

^  1  A  2 

A  similar  argument  for  Kr  Is,. — »  Xe  3d^  suggests  10  cm  as  a  possible 

cross-section.  A  rigorous  analysis  following  the  work  of  Buckingham 
(23)  (24) 

and  Daigarno  s  or  Stueckelberg  cannot  be  done  because  of  the 
lack  of  knowledge  of  the  interaction  potentials  of  the  metastable  atom  - 


ground  state  atom  systems. 


(23)  R.  Buckingham  &  A.  Daigarno  Proc.  Roy.  Soc.  A213,  327  and  506,  (19o2 

(24)  E.  Stueckelberg  Helv.  Acta  Physica  5,  369  (1932) 


TECHNICAL  RESEARCH  CROUP 


49  , 


s 


It  ij  thus  the  case  that  the  ILr  Is^  preferentially  excites 
One  3d  configuration  at  least  by  a  factor  of  ten.  However  by  cascade 
f-om  the  3d  to  2p  configuration,  a  contrO  ution  to  enhancement  is  certainly 
obtained,. 


As  a  limit  on  useable  transfer  rates,  one  should  examine  the 

predictable  rate  of  de-excitirg  the  Kr  is^  bv  diffusion-limited  collision 

5 

with  the  wall.  The  diffusion  constant  for  the  raetastable  Kr  atom  has  not 
been  measured  ( to  our  knowledge;  but  one  may  extrapolate  from  the  known 
diffusion  cross  sections  for  the  other  rare  gas  atoms  in  their  metastaole 
states.  In  general  one  may  use  the  rigid  sphere  model  to  calculate  the 
diffusion  of  one  rare  gas  metastable  atom  in  itself  or  in  another  rare 
gas  if  one  increases  the  diameter  of  the  me tas cable  atom  by  2.2  times 
the  unexcited  diameter.  Then 


D 


12 


j 

2  2  ' 

0,88  yj 

!vl  +  v2 

3tt  (n1*n2)  (1/2<S1  +  S2))^~ 


in  cm  /sec 


The  coefficient  for  self  diffusion  is  obtained  by  letting 
all  quantities  with  subscript  2  equal  those  with  subscript  1. 
where  7  *  diffusion  coefficient 
932  v  =  average  velocity  in  cny'sec 

=  number  of  atoms  of  type  1 
S,  =  atomic  diameter  cm 
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After  one  has  calculated  the  diffusion  coefficient  of  the 

Kr  l„c  atom  in  pure  krypton  and  in  pure  xenon,  then  one  may  extend 
(25)  (26) 

Blanc’s  law  to  obtain  the  coefficient  of  diffusion  in  a  mixture: 


D  D,  D 

Kr~Xe  Kr  Xe 

number  of  Kr  atoms _ 

total  number  of  atoms  in  mixture 


D  *  diffusion,  coefficient  of  Kr  ls_  in  pure  Kr 
Kr  0 


D  »  diffusion  coefficient  of  Kr  lsc  in  p  ire  Xe 
Xe  5 


Summarizing  for  the  conditions  relevant  to  the  experiment. 

D 


Kr  Istj  in  100p  of  Kr  plus  10u  of  Xe 

Kr  ls^  in  lOOu,  of  Kr  plus  lp  of  Xe 

Xe  ls5  in  lOOu  of  Kr  plus  10ll  of  Xe 

Xe  ls_  in  lOOp.  of  Kr  plus  lu.  of  Xe 

5 


240  cm  /sec 
250  cnT/sec 
160  cm^/sec 
170  cnfysec 


One  wishes  to  examine  the  reciprocal  of  the  diffusion  time 


for  the  pumping  Kr  metastable.  For  the  cylindrical  geometry  employed 

2 
T. 


A 


D 


m 


■D 


A 


diffusion  time  in  sec 

r  in  cm 
2.4 


(25)  A.  V.  Phelps ,  Phys.  Rev,  114  1011  (1959) 

(26)  T.  Holstein,  Phys.  Rev.  100 .  1230A  (1955) 
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D 


D 


lMA.  m! 


250  cm  /sec 


l76u.  ^ec 


One  can  put  a  lever  bound  on  useful  c  from  the  requirement  that 

Kr-Xe 


r  2  —=-  ,  From  equation  (3.2) 
1  lD 


» 


Ki-  -Xe  nXe  v  TD 


Kr  Xe  3.2  x  10T3  cm”3  4  T  1C4  ^Ir  176  xlCT°  sec 


sec 


v  15  2 

ov  v  U.4X  10  cm4 
Kr  *Xe 


This  shows  that  we  are  pretty  much  at  the  limit  as  regards 
reducing  the  iube  diameter  with  the  partial  pressures  employed.  One 
may  roughly  estimate  the  number  of  excited  2p^  xenon  atoms  from 
extrapolating  ''typical"  metastable  populations  in  "typical"  discharges 


(27) 


* 

n„  R. 
Kr  1 


nXe 


where  n*  is  number  of  Kr  ls_  atem  cm 
Kr  5 

n^e  is  number  of  excited  2p^  Xe 

T  «  X*  lifetime  guessed  as  ICf  7  sec 

( 27)  V.  Hughes  Gu  Tucker  £.  Rhoderick  and  G.  Weinreichs  Phys.  Rev.  91_> 
828  0953) 
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n*  *»  10  n 
Kr  *  Kr 


where  n„  is  population  of  normal  krypton 
atoms 


n*r*  10 


~4  15  -3 

3.22  x  10IJ  cm  J 


n*  3.22  x  1011  cm'3 
K* 

n£e~(3.22  x  10U  cm"3)  (5600  sec'1)  0*7  sec) 
nXe3  x  cm  ^ 

Because  the  lower  level  of  the  possible  LASER  transitions 
2p-ls^  is  both  light-trapped  above  certain  pressures,  and  is  populated 
by  collisions  from  the  populous  Xe  ls^  itk  castable,  a  small  diameter 
tube  is  required,  so  as  to  allow  resonance  photons  lsQ  -  Is^  to  escape 
to  the  walls  and  also  to  quench  Xe  Is,,  metastables. 

The  trapping  lifetime  is  defined  from  Holstein,  as 

T  _ 

v Curai 

X  ^  - - 

trapping  S 

where  g  is  the  escape  factor  the  number  of  absorptions  and  emissions 
the  average  resonance  photon  makes  'o  to  its  collision  with  the 
walls.  For  cylindrical  symmetry. 


1,60 

koR  Jrr  jlog  k0~R' 
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where  k  *  absorption  coefficient  at  the  center  of  a  Dopp  *.t 
broadened  line, 

R  -  radius  of  cylinder. 

A  plot  of  theoretical  life times- for- trapping  versus  pressure 

is  given  for  two  choices  of  natural  lifetime.  An  examination  of  the 

graph  tells  us  that  only  at  xenon  partial  pressures  less  than  several 

microns  will  one  find  a  chance  of  inverting  the  2p  -  Is  populations. 

A  series  of  experiments  w^s  performed  of  absorptions  out 

of  the  Xe  Is  and  Is.  states  to  the  2p  configuration,  in  an  effort 
4  o 

to  obtain  knowledge  of  the  trapping  lifetimes  and  as  a  corollary, 

the  natural  lifetimes.  It  was  found  that  at  1  micron  of  xenon  in 

100  microns  of  krypton,  the  average  absorption  out  of  the  ls^  to  2p 

states  for  four  transitions  was  2.170;  the  average  for  three  transitions 

from  the  Is  state  to  2p  states  was  42.9%.  At;  higher  pressures  the 

absorption  coefficient  was  so  large  from  both  the  ls^  and  ls^  3tates 

(28) 

that  meaningful  measurements  could  not  be  made.  This  clearcut 

evidence  tells  us  that  we  are  in  the  region  where  an  inversion  may  be 

possible . 

(28)  J.  Dixon  <8  F.  Grant  Phys.  Rev.  107 118  (1987) 

*  See  Figu?;e  3.5 
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2  ^2,1  Double  Beam  Apparatus 

In  this  experiment  we  vTiahed  to  measure  the  relative 

populations  ol  the  xenon  Is.  (light  trapped)  and  the  Is  metastable 

4  5 

states.  To  do  this  we  needed  a  system  that  would  allow  measurements 
to  17*  absorption. 

If  light  of  a  wavelength  corresponding  to  a  transition  out 
of  the  metastable  state  up  to  some  higher  state  *  is  directed  through 
a  volume  of  excited  gas  a  certain  percentage  of  atoms  in  the  lower 
state  can  be  excited  to  the  upper  state  with  the  associated  absorption 
of  the  photon  that  did  the  exciting. 

Thus  to  measure  the  populations  we  need  a  source  of  light 
at  the  appropriate  wavelength  a  volume  of  excited  gas  to  direct  it 
through  and  a  meins  for  measuring  the  cnange  in  the  light  transmitted. 

Light  from  s  20  cm  long  source  lamp  8  ram  i.d.  is  alternately 
sent  through  the  1  me^er  absorber  tube  14  nsa  i.d.  and  through  a  parallel 
air  path.  Thic  is  accomplished  by  means  of  a  rotating  sectored  mirror 
set  at  45°  to  the  source  lamp  absorber  tube  common  axis.  The 
intensitie  at  the  detector  from  the  air  path  and  absorber  path  are 
made  equal  by  moans  of  anris  aiaphrq  in  the  air  path,  The  phase 
sensitive  detector  ic  locked  to  the  source  lamp  chopping  frequency 
and  does  not  respond  to  the  dc  signal  generated  by  the  spontaneous 
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emission  from  the  absorber  tube.  See  block  diagram  of  double-team 
apparatus.  Figure  j. 6. 

The  lines  of  interest  were  all  in  the  8000 A  to  10,000A 
region  and  ware  detected  with  an  SI  response  phototube. 

The  source  tube  and  absorber  tube  are  attached  to  the 
same  vacuum  system  so  that  they  can  be  filled  with  the  same  Xe-Kr  gas 
mixture. 


In  the  experiments  showing  the  depopulation  of  the  Kr  ls^ 
by  collision  with  the  Xe  2p  states,  the  Xe  pressure  was  controlled  with 
a  liquid  nitrogen  cold  trap  connected  to  the  absorber  tube.  In  the 
Xe-Kr  mixture  the  partial  pressure  of  Xe  can  be  conveniently  changed 
from  lOp  to  lp  and  back  to  10p  by  the  addition  and  removal  of  liquid 
N  in  the  trap. 

2.3  Zinc-Zinc  System 
2,3.1  Theoretical 

Collisions  of  fha  second  kind  in  a  <?♦  component  gas  mixture 

can  effectively  populate  the  upper  of  two  LASER  hovels  in  the  atoms  of 

one  component.  Helium  selectively  excite  a  sufficient 

population  in  an  upper  level  of  admixed  neon  (see  figure  3.1)  to  give  an 

(?*) 

observed  coherent  gain  coefficient,  cy  es  5%/meter.  In  such  media  a 

severe  inherent  limitation  exists  co  achievable  excess  upper  state 

(29)  A.  Javan,  tf.  R,  Bennett  and  D.  R.  Harriott,  Phys .  Rev.  Letters 
6,  106,  (1961) 
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population  density  and  therefore  gain,  efficiency  (*0.03%),  and 

power  output  ( ^  10  mw)  because, 

1.  inevitably  the  lower  level  atoms  (neon)  decrease  the 
electron  temperature,  and  therefore  the  maximum  population,  of  the 
impinging  metastables  (helium). 

2.  since  the  lower  LASER  level  is  below  the  metastaole  level, 
direct  electron  excitation  of  this  lower  level  tenos  to  reduce  or 
preclude  an  excess  upper  state  population. 

These  drawbacks  of  the  two  component  gaseous  medium  are 

side-stepped  in  a  single  component  gaseous  discharge  medium,  taing 

a  different  eollisic aal  process.  Let  two  atoms  of  the  same  kind  be  in 

metastable  or  light-trapped  resonance  levels.  If  a  higher  level  exists 

with  energy  equal  to  the  sum  of  raetastable  energies,  there  is  a  high 

probability  that  a  collision  will  leave  one  atom  doubly  excited  while 

(30) 

the  other  returns  to  the  ground  £vel 

The  zinc  atom  has  an  energy  level  structure  particularly 

favorable  for  LASER  excitation  by  self  -collisions  of  the  second  kind. 

An  energy  level  diagram  of  zinc  (Figure  3* 7)  shows  that  the  collision 

processes  4JP  -  4J?m — *  63SX  +  41Sq  p3  m  -  05  1  and  2  are  energetically 

probable  the  energy  defect  in  the  worst  case  is  less  than  kT,  Since 

(30)  Such  a  two-step  excitation  process  was  suggested  for  mercury 
in  TRG  Proposal  Nc.  P-329  to  ARPA  December,  1958. 
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,i amber  of  atoms  la  these  states  is  considerable,  (At  pressures  or  1 
one  can  expect  n  as  9  x  1012  atoms/cc  where  n  is  the  total  population 
density  in  ail  of  the  metastable  and  trapped  states).  It  one  assumes 


populations  approximately  proportional  to  statistical  weight  foi  the 


3  levels  and  an  average  cross-section  o  ^  10  cm  ,  then  tne  nui  ucr 


14 


,f  effective  collisions  per  second  is  7  n~  o  vrel  «■  3  x  10  /sec 


,  rc  -  is  the  relative  velocity  of  the  colliding  particles,  'mus 

rei 

3£ 


the  rate  of  photons  leaving  the  63SX  state  would  be  3  x  13  /sec  u 
«e  neglect  the  hack  collision  rate,  which  is  a  snail  traction  of  the 


total  spontaneous  emission  rate. 

There  are  six  transitions  from  the  6  S-j  state,  three  ot 

which  are  trapped,  because  they  terminate  on  the  metastables.  The  other 
three  transitions  are  in  the  infra-red  at  about  2.4  microns  wavelength 
and  are  suitable  LASER  transitions.  It  is  reasonable  to  assume  that  u 
three  of  the  transitions  are  sufficiently  trapped,  then  among  the 


untrapped  ones  there  must  be  one  transition  with  a  rate  of  about  10 


15 


photons/sec.  With  this  figure  one  calculates  a  gain  in  excess  of  207*/oeter, 


assuming  an  unpopulated  lower  state.  The  lower  LASER  state  (5  P)  wl1 


rapidly  ‘'dumped"  since  the  spontaneous  emission  rate,  A(5F  >5.)),  Is 


estimated  to  be  ~  25  x  A(63S— *53P).  Thus  a  population  inversion  is 


likely. 
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While  the  discharge  is  on,  the  collision  process  is 

difficult  to  detect  since  complete  knowledge  of  the  discharge  parameters 

and  Einstein  A  coefficients  is  not  yet  available,  and  since  direct 

electron  excitation  is  simultaneously  present.  However,  intensity 

3  3 

measurements  of  the  several  visible  lines  5  — #4  n  *  0,1,2,  made 

in  the  afterglow,  will  give  an  accurate  measure  of  the  number  of  photons 
passing  through  the  LASER  transitions,  and  hence  a  calculable  gain. 

2.3.2  Experimental 

An  experiment  was  devised  to  measure  the  number  of  photons 

passing  through  the  LASER  transition.  A  continuously  pumped  vacuum 

system  similar  to  that  used  in  the  cesium  gain  experiment  was  employed. 

The  cell  containing  the  zinc  was  cylindrical,  1-1/2"  in  diameter  and 

4"  long;  the  light  output  was  viewed  from  the  ends  of  the  cylinder.  The 

geometry  was  chosen  to  maximize  the  diffusion  time  of  metastables  to  the 

3 

wall  and  to  maximize  the  trapped  lifetime  of  the  4  state.  The  cell 
was  contained  in  an  oven  capable  of  continous  temperature  various  up 
to  700*C. 

The  discharge  was  powered  by  an  rf  transmitter  operating 
at  28  megacycles  and  square-wave  modulated  at  about  20  cycles/sec. 

The  relaxation  time  of  the  transmitter  was  about  5  x  10  ^  secs. 
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The  detection  apparatus  consisted  of  a  monochromator  with 
S-5  response  phototube  and  an  oscilloscope  with  a  delayed  sweep. 

The  electrical  bandwidth  was  adjusted  to  allow  observation  of  decay  times 

-5 

as  short  as  10  sec. 

It  was  expected  that,  with  metastable  lifetimes  of  the  order 
of  milliseconds,  the  decay  from  the  upper  LASER  level  would  be  about 
500p  secs,  always  having  1/2  the  decay  of  the  resonance  lifetime,  and 
that  this  would  easily  be  observable  when  contrasted  with  other  spectral 
lines.  A  survey  of  spectral  lines  between  3000-6000A,  however,  yielded 
results  that  were  inconclusive.  The  difficulty  that  occurred  was  two¬ 
fold;  Firstly  the  electron  thermalization  time  was  found  to  be  about 
100p.  secs,  so  that  ail  lines  had  a  decay  time  in  excess  of  this  amount. 
Secondly,  the  presence  of  impurities  limited  the  lifetime  of  the  trapped 
(4^p)  states  to  about  500p  secs.  With  these  effects,  no  significant 
lengthening  of  the  lifetime  of  the  upper  LASER  level  with  respect  to 
other  states  was  observed. 

An  improved  apparatus  was  built  in  which  the  lifetime  of  the 
trapped  line  was  increased  to  1  millisecond  and  the  thermalization  time 
reduced  to  lOp  secs.  This  was  achieved  fcy  using  a  larger  closed  system 
to  which  1  ran  of  helium  buffer  gas  was  admixed.  The  new  cell  was  a  3 
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diameter  quartz  sphere  (Figure 3J)  which  has  minimum  surface  to  volume 
for  maximum  trapping  of  the  resonance  line  and  maximum  diffusion  time 
to  the  walls  for  the  metastables.  The  helium  buffer  gas,  which  plays 
no  active  role  in  the  discharge,  maintains  the  diffusion  time  at  low 
zinc  vapor  pressure  and  also  reduces  the  electron  thermalization  time 
to  10p  secs. 

With  this  new  pn^ratus  the  collision  process  has  been 
observed.  By  varying  the  vapor  pressure  and  hence  the  trapping  time 
of  the  resonance  line  the  lifetime  of  the  upper  IASER  level  was 
observed  to  follow  in  linear  fashion;  its  lifetime  always  being 
approximately  one  half  of  the  resonance  lifetime.  This  is  to  be  expected, 
since  the  number  of  atoms  in  the  6  state  depends  on  the  square  of 
the  number  of  metastables.  It  was  also  observed  that  the  decay  of  light 
from  the  5  had  a  characteristically  rapid  decay  followed  by  a  longer 
decay.  Since  the  chief  source  of  the  5  atoms  is  from  electron  exci¬ 
tation  of  the  raetastables ,  one  would  expect  a  rapid  fall  in  the  intensity, 
consistent  with  the  electron  thermalization  time,  plus  a  longer  decay  due 
to  cascading  from  the  6  state.  Figure  3.9  shows  the  time  resolution 
of  several  of  these  lines.  It  Is  interesting  to  note  that  the  intensity 
due  to  the  cascade  phenomenon  is  a  sizeable  fraction  of  the  total 
intensity  (as  much  as  50%) . 
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c)  3076A  43p.  -  4^  (Trapped 

resonance  line) 


Decay  of  Several  States  in  Zinc 
(Time  Scale  -  10Q\i  sec/div) 

Figure  3.9 
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3 , 0  Work  Planned  for  Next  Period 

3.1  Helium-Neon  System 

A  study  of  the  amplification  as  a  function  of  the  tube 
diameter  partial  pressures  and  excitation  conditions  will  be  continued 
in  An  effort  to  raise  the  gain  higher  than  the  currently  attained  value 
of  9%  per  meter.  The  properties  of  the  currently  operative  LASER  will 
receive  some  study  preparatory  to  building  a  prism  cavity  LASER. 

3.2  Xenon- Krypton  System 

Because  an  inversion  of  the  2p  -  Is  configuration,  if  at  all 
possible,  may  occur  only  for  xenon  partial  pressures  in  the  neighborhood 
of  a  half  micron  or  so  it  is  necessary  to  ascertain  whether  there  are 
enough  atoms  in  a  2p  level  to  provide  useful  amplification  and  reach 
threshold  for  oscillation.  A  measurement  of  the  absolute  emission  of 
photons  from  the  individual  2p  levels  yields  the  quantity  nf ,  the 
product  of  2p  population  times  oscillator  strength  for  the  transition. 
This  same  quantity  gives  the  measure  of  the  maximum  amplification  possible 
for  the  transition  i.e,  the  gain  for  zero  lower  state  population.  After 
this  measurement  is  iiade,  the  decision  as  to  whether  further  experimen¬ 
tation  is  desirable  shall  be  made.  It  should  not  be  forgotten  that  the 
3d  -  2p  configuration  is  much  more  favorable  as  a  potential  LASER 
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3.3  Zinc-Zinc  System 

During  Che  next  period  it  is  planned  to  make  absolute 
intensity  measurements  of  selected  zinc  transitions  in  order  to 
calculate  the  expected  gain  and  efficiency.  Calculation  ot  spontaneous 
emission  rates  of  selected  transitions  will  be  made  by  the  Bates* 
Damgaard  method.  It  Is  planned  to  dc^rmine  the  cross-section  for  the 
self-collision  double-excitation  process  in  zinc  vapor,  A  measure¬ 
ment  of  gain  will  be  attempted  and,  if  feasible,  an  oscillator  will  be 
constructed. 

3.4  Mercury-Krypton  System 

It  is  hoped  that  gain  which  was  previously  predicted  for  the 
Hg-Kr  of  1.0%  per  meter  at  1.8  microns,  will  be  measured  in  the  near 
future. 
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IV ,  Optical  Pumping  of  Ruby  -  Amplifier 
1,0  Summary  of  Work  Performed 

Direct  amplification  of  the  output  of  a  ruby  oscillator  in  a 
second  ruby  rod  was  demonstrated.  The  measured  single  pass  gain  was  2  at 
room  temperature  in  a  ruby  cylinder  5,56  on  1  ng.  The  interred  single 
pass  gain  of  12.5  in  a  ruby  8M  long  was  obtained  by  exciting  it  to  oscilla¬ 
tion  at  room  temperature  with  no  coating  at  either  end, 

2,0  Analysis  of  Work  Performed 

Direct  amplification  of  light  of  6934A  wavelength  in  a  ruby  rod 
has  been  demonstrated.  A  schematic  diagram  of  the  experimental  setup  is 
shown  in  Figure  (4.1).  The  oscillator  used  was  a  pink  ruby  rod  (,04X  Or) 
with  one  end  coated  with  an  opaque  silver  film  and  the  output  end  with  a 
silver  film  of  A/IGX  transmission.  It  was  excited  with  the  GE  524  helical 
lamp  in  our  standard  light  pot.  The  output  beam  was  collimated  by  passing 
through  two  1  mni  holes  8”  apart.  This  insures  a  beam  of  sufficiently 
small  size  and  angular  divergence  that  it  will  pass  through  the  amplifying 
ruby  without  hitting  the  walls  of  the  ruby.  The  output  beam  from  the 
amplifying  ruby  is  focussed  with  a  lens  to  enter  a  small  aperture  (—-10  mils) 
ahead  of  a  7102  photomultiplier  used  as  the  detector.  A  dirpha^m  ahead 
of  the  lens  served  to  cut  down  the  stray  light  from  the  amplifier  flashtuoe 
and  spontaneous  emission  from  the  ruby  without  intercepting  any  of  the 
transmitted  beam.  The  input  beam  to  the  amplifier  was  monitored  by  another 
7102  photomultiplier  detecting  the  reflection  from  an  unsilvered  glass  plate 
in  the  beam.  It  was  found  necessary  to  shield  this  detector  from  the 
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•  ilifier  flashtube  by  a  second  collimator  with  larger  openings  as  shown. 
Both  detectors  contained  100  A  interference  filters  at  6940a  (2nd  order) , 
red  filters  to  cut  out  the  third  order  transmission  of  the  interference 
filters  in  the  blue,  and  neutral  density  and  ground  glass  filters.  Some 
mnount  of  stray  light  and  spontaneous  emission  was  still  observed  from 
each  detector  but  this  was  small  compared  to  the  LASER  beam,  which  was 
easily  detected  by  its  different  timf  tsepen  a  >ce .  The  outputs  of  each 
detevtor  were  observed  simultanec  . i >  on  the  dual  trace  of  the  Hughes 
Memoscope,  The  detection  rise  time  was  purposely  made-"-'  10  usee  to  smooth 
the  oscillation  spikes  and  make  the  pulse  heights  easier  to  measure. 
Saturation  of  the  individual  spikes  was  not  observed  and  was  not  expected 
in  this  experiment. 

The  amplifier  ruby  was  1  cm  diameter,  5.56  cm  long,  standard 
orientation  (^60°),  and  the  ends  were  uncoated.  It  was  excited  with  a 
helical  GE  524  lamp.  The  amplification  measurement  consisted  of  measuring 
the  ratio  of  the  output  of  detector  2  to  that  of  detector  1  with  and 
without  the  amplifier  ruby  in  place  for  various  excitation  levels  in  the 
amplifier.  This  is  necessary  because  the  unexcited  ruby  is  a  strong  ab¬ 
sorber  of  the  LASER  light.  The  two  lamps  were  triggered  simultaneously. 
This  would  be  very  nearly  the  correct  timing  to  observe  the  peak  inversion 
density  of  the  amplifier  red  if  the  tvo  lamps  were  identical.  The  precise 
timing  to  observe  maximum  gain  could  be  different  for  a  number  of  reasons, 
however,  and  this  factor  will  be  investigated  in  future  experiments. 
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Some  difficulties  were  encountered  with  heating  in  the  rubies, 
particularly  in  the  amplifier  rod.  This  made  consistency  and  reproducibility 
somewhat  difficult  since  the  variation  of  the  center  of  the  line^bX, 
is  about  0.065A/°C.  Thus  a  30°C  difference  in  temperature  of  the  oscillator 
and  amplifier  rods  would  be  a  2a  difference  in  the  peak  wavelengths  and 
this  would  be  serious.  An  attempt  to  overcome  this  effect  by  waiting  5 
minutes  between  flashes  stems  to  have  beer,  successful  and  each  point  was 
repeated  several  times ,  Water  cooling  of  the  rubies  is  planned  for  future 
experiments , 

The  output  beam  of  the  LASER  oscillator  was  observed  to  be 
completely  plane  polarised  with  the  electric  vector  perpendicular  to  the 
projection  of  the  c  axis  on  the  plane  of  the  end  of  the  rod.  The  absorption 
and  gain  in  the  amplifier  ruby  varied  with  the  relative  orientation  of  the 
two  rubies  (contrary  to  reports  from  other  laboratories) .  Gain  measurements 
were  made  for  the  two  orthogonal  situations:  with  the  E  vector  of  the 
incident  beam  perpendicular  and  parallel  to  the  projection  of  the  c  axis 
on  the  end  of  the  amplifier  rod.  The  results  of  the  measurements  are 
shown  in  Figure  (4.2)  Each  point  is  the  average  of  several  measurements  and 
has  been  corrected  for  the  reflection  losses  at  the  ends  of  the  rod. 

Except  for  some  spurious  points  not  included  in  Figure  (4.|)the  highest 
gain  was  observed  with  maximum  excitation  power  was  a  *  0.132  cm  ^ .  This 
is  a  single  pass  gain  of  2.08  in  the  3.56  cm  rod  at  roum  temperature.  No 
saturation  of  the  type  reported  by  Bell  Telephone  Laboratories  was  observed 
although  their  measurements  were  made  at  -40°C  where  higher  gains  should 
be  observed. 
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The  main  emphasis  of  the  amplifier  program  will  be  on  the  8* 
ruby  rod  because  of  the  higher  gains  obtainable  (vi,  the  same  gais 
coelf icients) .  Thus  if  saturation  of  gain  is  to  be  observed  it  will  occur 
most  readily  in  this  rod.  For  this  end  a  helical  8”  xenon  lamp  has  been 
constructed  and  tested  at  TR G.  ’t  will  require  more  input  electrical 
energy  than  the  GE  524  because  of  its  longer  length*  The  brightness  in 
the  green  band  of  this  lamp  compared  to  the  GE  524  was  measured.  Equal 
brightness  of  the  two  lamps  were  observed  with  67^0  joules  input  to  the 
8"  lamp  and  2500  joules  into  the  524  lamp.  Since  the  ratio  of  surface 
areas  of  the  lamps  is  2.5  this  indicates  that  the  efficiency  of  the  8 
lamp  is  comparable  to  that  from  the  shorter  one.  Furthermore,  in  the 
presence  of  strong  lamp  self  absorption,  the  energy  density  in  a  cavit) 
should  be  proportional  to  lamp  brightness.  Then  the  threshold  for 
oscillation  might  be  expected  to  be  increased  for  the  8”  rod  with  this 
lamp  by  about  this  same  factor,  2.5,  over  that  of  a  short  rod  in  the  GE 
524  cavity.  The  measured  thresholds  were  as  follows: 

8”  ruby  -  8“  lamp  -  5150  joules 

2-3/16”  ruby  -  GE  524  lamp  -  I960  joules 

This  is  surprisingly  good  agreement  considering  the  accuracy  with  which 
thresholds  are  measured.  Lower  thresholds  nave  been  measured  in  the 
GE  524  with  shorter  pulses  (less  capacity  and  higher  voltigd-  However 
the  figure  quoted  above  is  the  usual  threshold  with  400  \i£,  and  the 
brightness  comparison  was  made  with  this  capacity* 
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A  preliminary  measurement  of  the  gain  of  the  8"  ruby  was  made  by 
observing  the  threshold  for  3  different  conditions  of  end  reflection.  The 
results  are  sunroarized  in  Table  4,1 


TABLE  4.1 

End  Reflection 

Threshold  Energy 

Gain(e 

Opaque  -  10X  Trans. 

5150  joules 

1.2 

Opaque  -  No  Film 

6720  joules 

4.0 

No  film  either  end 

10500  joules 

12,5 

The  value  of  the  gain  coefficient  computed  from  these  data  and  the 

threshold  condition  e  al  =  1/R ^  is  plotted  on  Figure  (4.;.),  The  input 

1960 

energies  were  normalized  by  the  ratio  to  make  the  ratio  of 

Em/EthreShold  comparable. 

While  this  is  a  very  preliminary  part  of  the  amplifier  program 

several  interesting  points  have  already  appeared. 

1.  The  gain  depends  on  polarization.  This  is  to  be  expected  from 

(31) 

the  theoretical  work  of  Suganc  and  Tanabev  on  the  transition  probabilities 
of  ruby  and  the  absorption  measurements  by  Schawlow.  ^  However,  Kisliuk  ^ 
reports  that  the  gain  was  independent  of  the  orientation  of  the  amplifier 
rod.  One  explanation  for  this  difference  might  be  that  the  input  beam 
was  not  plane  polarized  in  his  experiments.  That  this  is  possible  can  be 
seen  from  Figure  (4.2>  Imagine  that  for  a  given  length  rod  and  end  losses 

(3)  S.  Sugano  and  Y.  Tanabe,  J„  Phys.  Soc,  (Japan)  JL3,  880  (1958), 

G2)  F.  Varsanyi,  D  L.  Wood,  and  A,  L,  Schavlow  Phys.  Rev,  Letters  3, 

544  (1959). 

Ctf  P.  P.  Xisliuk,  private  communication. 
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the  oscillation  condition  requires  a  =  -05  cm  »  Then  the  perpendicular 
polarization  would  reach  threshold  at  about  1950  joules  input  while  the 
oarallel  polarization  would  require  2900  joules  for  threshold.  Between 
these  two  energies  the  output  beam  must  be  plane  polarized  with  the  E 
vector  perpendicular  to  the  projection  of  the  c  axis  on  the  end  of  the 
rod.  At  higher  energies,  however-  either  or  both  polarizations  mav 
oscillate  because  of  relaxation  oscillations  and  the  situation  is  not 
clear.  The  gain  coefficient  a,  is  inversely  proportioned  to  AW  so  that 
at  lower  temperatures  all  values  of  Figure  (4,2)  (both  positive  and 
negative)  will  be  increased  by  a  linewidth  factor.  This  will  considerably 
reduce  the  difference  in  threshold  energies  for  the  two  polarizations 
and  make  the  above  explanations  more  plausible.  ’'isliuk  measurements 
were  at  ~40°C  for  which  u  1 . 7  This  question  may  be  cleared  up 

when  we  observe  the  polarization  of  the  output  beam  under  conditions 
such  that  both  linear  polarizations  are  above  threshold,  as  at  liquid 
nitrogen  temperature, 

2  The  fact  that  the  gain  is  different  for  the  two  polarizations 
es  makes  the  amplification  measurement  as  a  function  of  excitation  power 

*  an  excellent  means  of  observing  extraneous  losses  which  are  independent 

of  polarization.  Scattering  losses  would  be  an  example.  At  the 
excitation  power  such  that  the  a  of  the  material  is  zero  (AN  =  0)  any 
residual  absorption  Is  attributed  to  other  than  line  absorption.  This 
point  occurs  when  the  gain  curves  for  the  two  polarizations  intersect 
(see  Figure4,2)and  can  be  measured  accurately  if  points  are  taken  below 


TECHNICAL  RESEARCH  CROUP 


76* 


inversion*  the  extrapolated  curves  of  Figure  (42) give  this  value  of 

-X 

scattering  loss  as  0.04  cm  *  although  insufficient  points  were  taken  to 

put  much  faith  in  this  value.  However,  it  is  not  very  different  than 

the  figure  for  scattering  loss  measured  by  Nelson^,  et  al,  of  2 _»%  in 

a  2"  ruby  rod.  Another  possibility  must  be  considered.  The  residual 

loss  could  be  dependent  on  polarization,  as  it  would  be  if  it  were  green 

band  absorption  on  the  wings  of  the  absorption  line.  It  is  somewhat 

disturbing  that  if  the  green  band  were  Loreritzian  with  a  full  width  of 

700A  centered  at  5350A  and  a  peak  absorption  coefficient  of  1  cm  (for 

.05%  Cr)  then  the  green  band  absorption  at  6940A  would  be  .045  cm"1. 

This  question  can  be  cleared  up  by  observing  this  loss  as  a  function  of 

temperature  and  concentration  but  better  data  is  needed.  Measurements 

by  Jacobs^  indicate  that  the  residual  green  band  absorption  at  7000A 

(in  more  concentrated  ruby)  is  IX  of  the  peak  absorption.  This  data 

-1 

would  give  the  residual  absorption  coefficient  as  0.01  cm  for  .05%  ruby. 

3.  The  gain  coefficient  indicates  the  following  population  -atios 
of  ^2 ;  ground  =  36:36:28  at  maximum  excitation.  KisllUk  reports 
population  ratios  of  39:39:22  at  E^n  =  1.25  ^threshold’  However,  our 
analysis  of  his  data  gives  population  ratios  of  30:30:40, 

4.  It  is  obvious  that  a  great  deal  of  information  of  a  fundamental 
nature  about  ruby  can  be  learned  from  this  type  of  experiment.  These 
questions  will  be  looked  into  in  the  course  of  the  amplifier  program, 
whose  main  objectives  are  as  follows: 

(3*)R.  J.  Collins  and  D.  F,  Nelson,  Opt,  Soc.  Am,,  Pittsburgh,  Pa., 

March  2,  1961. 

(35) S.  Jacobs,  Doctoral  Thesis,  Johns  Hopkins  University,  (1956),  unpublished. 
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A.  Obtain  High  Peak  power 

1.  whether  greater  than  the  same  ruby  as  an  oscillator  or 

2,  better  angular  divergence  and  frequency  characteristics 
5.  Investigate  Saturation  and  Pulse  Sharpening 

C.  Obtain  a  Better  Understanding  of  Ruby. 

1.0  Work  Planned  for  Next  Period 

During  the  next  reptrt  period  it  is  planned  to  continue  the  ruby 
amplifier  experiments  in  order  to  observe  saturation  effects. 
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V .  Optical  Pumping,  of  Ruby  -  Oscillator 
1,0  Sunsnarv  of  Work  Performed 

I  l  »— wfc  ■»  ir— — 

Two  long  ruby  crystals  were  excited  to  oscillation  to  obtain 
high  output  energy.  The  measured  output  at  room  temperature  was  2  joules 
from  a  rod  .362”  in  diameter  and  7.56”  long  and -'12  joules  from  a  rod 

.625”  in  diameter  and  5,5”  long. 

Single  pulse  output  was  obtained  from  ruby  by  two  methods. 

In  the  first  a  Kerr  cell  was  used  to  modulate  the  Q  of  the  oscillation 
cavity  (consisting  of  a  ruby  rod  with  an  external  mirror) .  Single  pulses 
of  0,2  usee  duration  were  obtained  with  a  peak  power  of  about  2  megawatts 
The  second  method  employed  the  optical  thyratron  action  of  an  unexcited 
ruby  absorber  within  the  oscillation  cavity.  Single  pulses  were 
achieved  but  are  not  yet  always  reproducible. 

A  prior  attempt  to  achieve  intense  single  pulses  is  reported. 
This  technique  consisted  of  exciting  the  ruby  with  a  second  intense  flash 
of  short  duration  superimposed  on  a  normal  excitation  flash.  A  series  of 
strong  relaxation  oscillations  of  about  15  usee  duration  was  achieved. 

A  broad  band  emission  was  discovered  in  normally  pink  ruby 
(.041  Cr203  by  weight).  It  accounts  for  30%  of  the  total  emission  from 

the  ruby  rod,  making  the  quantum  efficiency  unity. 

The  output  energy  from  a  ruby  LASER  as  a  function  of  the  end 
coating  (reflectivity  and  transmission)  of  the  ruby  crystal  was  measured. 
The  results  confirm  the  existence  of  an  optimum  reflectivity  of  a 
relatively  low  value  for  maximum  output  energy. 
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2.0  Analysis  of  Work  Performed 


2  » 1 _ High  Energ  y  Output 

Two  ruby  rods  of  larger  volume  than  the  normal  LASER  crystal 
have  been  tested.  These  are  intended  for  v ne  amplifier  program  to 
obtain  sufficient  amplification  and  output  power  to  observe  saturation 
effects.  Each  requires  a  special  lamp  for  excitation  since  no  lamps  of 
the  proper  size  exists  commercially*  Helical  zenon  flash  lam;  s  were 

constructed  at  TRG  for  this  purpose. 

The  first  of  these  rods  is  0.364"  in  diameter  and  7-9/16"  long. 
It  has  a  Cr^+  ion  concentration  of  .047.  and  is  standard  orientation 
(c  axis'"-'  60°  from  rod  axis.)  Some  of  the  measurements  on  this  rod  and 
the  lamp  used  to  excite  it  are  reported  in  the  section  on  the  ruby 
amplifier.  In  addition  to  theje  threshold  measurements  the  output  energy 
at  room  temperature  was  measured  with  an  opaque  film  on  one  end  and  a 
clear  ruby-air  interface  on  the  transmitting  end.  The  output  energy  was 
measured  by  the  energy  absorption  in  a  thermopile  described  in  a  later 
part  of  this  section.  An  output  of  2  joules  was  obtained  with  10,500 
joules  electrical  input  to  the  lamp.  The  usual  "relaxation  oscillation 
type  of  output  was  observed  with  a  total  time  duration  of  600  psec . 

The  second  of  the  large  ruby  rods  was  0.625"  in  diameter 
and  5.5"  long.  It  also  contained  .04  wt%  C^O^  and  was  standard 
orientation.  It  was  coated  with  an  opaque  silver  film  on  one  end  and 
a  silver  film  of  307,  transmission  on  the  other.  It  was  wa'cercooled  at 
a  few  degrees  below  room  temperature.  The  exciting  lamp  was  a  helical 
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xenon  flash  lamp  constructed  at  TRG  for  relatively  low  voicage,  high 
capacity  operation.  With  an  input  of  4300  volts  at  1500  pf  (13,800 
joules)  an  output  of  4.1  joules  was  measured  on  the  thermopile.  The 
lamp  was  capable  of  withstanding  larger  inpul  energies  and  was  tested  at 
24,000  joules.  At  this  excitation  energy  the  ruby  output  was  estimated 
to  be  about  12  joules  by  the  volume  of  Ti  foil  vaporized.  Some  uncertain¬ 
ty  exists  In  this  measurement,  hcwever,  because  of  the  possibility  that 
chunks  of  the  *.'oil  were  blown  off  without  vaporizing.  The  duration  of 
the  output  beam  in  the  latter  experiment  was  about  2  msec. 

2.2  Single  Pulse  Output  * 

Two  types  of  "0  Spoiling"  experiments  have  been  conducted  with 
the  ruby  LASER  for  the  purpose  of  generating  a  single,  short,  -nergetic 
optical  radiation  pulse.  The  technique  of  "Q  Spoiling",  consists  of 
reducing  the  optical  resonator  feedback  in  such  a  way  that  oscillation 
is  prevented  until  the  LASER  r  Jims  gain  has  been  raised  far  above  normal. 
When  the  feedback  connection  is  made,  the  radiation  field  builds  rapidly 
to  a  high  value,  carrying  with  it  substantially  all  the  energy  stored 
as  population  excess  in  the  medium. 

In  the  first  experiment,  an  electro-optic  shutter  consisting 
of  a  half  wave  Kerr-effect  nitrobenzene  cell  and  calcite  Nicol  prism 
wes  used  to  frustrate  tne  reflection  from  one  of  the  Faory-Perot  mirrors 
placed  some  distance  from  the  ruby  rod.  (See  Figure  5.1  }.  Delay 
circuits  applied  the  high  voltage  pulse  opening  the  Kerr  cell  approximately 
600  usee  after  ignition  of  the  LASER  pump  lamp.  Peak  powers  of  100  kw 

*  *ork  x.-  this  section  partially  supported  under  Contract 
S&-30-069-OKD-3368. 
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82. 


and  z  megawatts  were  obtained  as  inferred  from  a  measurement  of  the 
toLvii  pulse  energy  and  the  time  development  of  the  radiation  output. 

The  two  measurements  refer  to  two  different  ruby  LASERS  of  corresponding¬ 
ly  different  power  inputs. 

The  second  method  of  "Q  Spoiling1' ,  termed  "optical  avalanche"  „ 
is  shown  schematically  in  Figure  (5.2). In  this  case  oscillation  is  dis¬ 
couraged  by  the  presence,  in  the  optical  feedback  path,  of  a  section  of 
non-pumped  ruby  having  a  high  optical  density  for  ruby  R  light.  When 
sufficiently  high  gain  in  the  active  ruby  has  been  achieved  to  approach 
oscillation  (in  spite  of  the  low  feedback)  the  attenuating  section 
saturates,  becomes  nominally  transparent  and  restores  a  high  value  of 
feedback  coupling. 

The  experimental  results  to  date  with  the  avalanche  method 
have  not  been  as  clear  cut  as  in  the  Kerr  cell  method.  The  single 
large  pulses  obtained  have  been  difficult  to  reproduce.  No  intensity  or 
energy  measurements  have  been  made.  Because  the  avalanche  method 
depends  critically  on  the  behavior  of  the  ruby  material,  i.e.  the  poorly 
understood  filamentary  oscillation  paths,  erratic  results  initially  are 
to  be  expected. 

In  the  following,  the  experiments  and  their  results  will  be 
described  in  more  detail. 

2.2.1  Q-Spoiling  with  an  Electro-Optical  Shutter 

From  the  simple  theory  of  the  LASER  oscillator,  the  population 
difference  density  between  two  quantum  levels  which  is  just  sufficient  to 
sustain  oscillation  is  given  by  D  *  Nu-N*  -  (B-r) 
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H  In  this  relation  D  is  the  population  difference  density,  N  , .  the 

«  Af 

upper  (lower)  state  population  density,  B  is  the  rate  of  induced  emission 

I  per  ion,  between  the  quantum  levels,  at  frequency^  into  the  given  oscillator 

3 

i  mode  when  the  energy  stored  in  that  mode  corresponds  to  on 3  photon /cm  , 
and  t  is  the  mean  life  of  one  photon  ir.  the  absence  of  any  stimulated 
emission. 

Referring  to  Figure  (5- S) which  illustrates  the  time  development 
of  a  Q- Spoiling  experiment,  we  show  the  origin  of  time  coinciding  with 
the  pump  lamp  ignition.  Initially  D  is  large  and  negative,  corresponding 
to  N  *  0.  For  t  'i  0  it  builds  towards  a  steady  state  value  determined 
by  the  relaxation  rate  of  the  upper  state  and  the  pump  lamp  brightness 
and  coupling  to  the  ruby  rod.  Because  the  finite  duration  of  the  pump 
lamp  pulse  is  comparable  with  the  inverse  of  the  ion  relaxation  rate, 
a  lower  maximum  difference  D  „  is  attained.  With  the  Kerr  cell  inactive, 
the  feedback  path  from  the  external  mirror  is  blocked  for  polarized 
light  crossed  with  the  Nicol  prism.  In  the  case  of  a  ruby  rod  with 
optic  axis  90°  to  the  rod  axis,  the  induced  emission  coefficient  for 
light  polarized  in  a  plane  normal  to  the  optic  axis  (Bj  is  5  times  that 
of  the  orthogonal  component.  Thus  if  the  value  1/t,  corresponding  to 
the  inactive  Kerr-cell  and  Nicol,  just  exceeds  the  value  B^Dmax,  no 
oscillation  can  occur  in  either  polarization. 

Approximately  at  the  time  Dmax  is  achieved,  the  Kerr  ceil  is 
activated  by  the  triggered  discharge  of  a  pulse  forming  network.  The 
peak  electric  field  applied  to  the  cell  is  such  as  to  produce  the  effect 
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of  a  birefringent  X/2  plate,  allowing  light  in  the  perpendicular  (strong) 
polarization  to  Msee”  the  external  mirror  through  the  normally  crossed 
Nicol.  Under  these  conditions, t  *  t 2  »  (point  "a"  on  the  time  axis  of 
Figure  5, 3  and  the  reaonator  finds  itself  with  a  considerable  excess  gain 
over  that  required  to  sustain  oscillation  with  resonator  time  constant  -r^. 
The  oscillation  energy  builds  exponentially,  quickly  exceeding  that  value 
which  could  be  sustained  by  the  pump  lamp  in  the  steady  state  ("bH  in 
Figure  5*3)  .  Compared  with  the  rate  at  which  the  growing  oscillation  field 
drives  the  excess  population  density  down,  the  pump  lamp  contribution  now 
is  negligible.  At  point  "c"  the  decreasing  population  difference  density 
passes  through  the  value  (B,t9)"S  or  the  value  at  which  the  medium  gain 
just  balances  the  residual  resonator  losses.  At  this  time,  the  oscillation 
energy  is  decreasing,  meanwhile  driving  D  toward  zero  (equal  upper  and 
lower  quantum  state  population) . 

Figure  (5£) is  a  photograph  of  the  experimental  apparatus  showing 

the  LASER  head,  Kerr-cell,  Nicol  and  external  semi-mirror.  The  output 

from  the  semi-mirror  was  arranged  to  fall  either  on  a  special  photo- 

-8 

multiplier  tube  capable  of  following  a  5  x  10  sec,  rise  time,  or  on  a 
ballistic  thermopile  The  former  provided  an  oscilloscopic  record  of  the 
pulse  time  development  (Figure 51/ c  and  the  latter  gave  an  absolute  measure 
of  the  pulse  energy.  The  pulse,  very  nearly  triangular  in  shape,  is 
easily  calculated  to  have  peak  power  ~  where  W  is  the  energy  and  A  the 
time  duration  (at  the  base) . 
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Figure  5.4 


5 
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(a)  Transiiiss ion  of  lerr  cell/Jicol  un*  red  component  of  xenon 
light.  Tine  scale  I^sec/najor  div. 

(b)  Ruby  LASER  output,  shutter  fixed  open.  Time  scale  lOQpsec/uajor 

div. 

(c/  Single  ruby  fASEK  spine  induced  by  opening  Kerr  cell  shutter 

duu  psec  after  puup  lai.jp  ignition.  Tine  scale  l^scc/najor  div. 


d9 


2  2  2  HQ- Spoiling  with  the  Optical  Avalanche  Technique 
Figure  0,2)shows_i  schematically,  the  experimental  arrangement 
fer  the  optical  avalanche  method.  The  active  (pumped)  ruby  rod  is 
reflection  coated  on  one  end.  The  opposite  end  is  uncoated. 

Although  not  corresponding  exactly  to  the  arrangement  used. 

Figure  (o.  2)  shows  the  light  from  the  active  rod  magnified  by  a  Galilean 
telescope  and  projected  through  a  smaller,  passive,  ruby  rod  onto  the 
semi-mirror  Neglecting  len^  losses  the  effective  intensity  reflectivity 
of  this  assembly  viewed  from  the  uncoated  end  of  the  active  ruby,  is 
Re  /  where  R  is  the  reflectivity  of  the  mirror,  1^  the  length  of 
the  passive  rod  and  a  its  spectral  absorption  coefficient  at  the  LASER 
wavelength,  a  depends  upon  the  distribution  of  ions  between  the  two 
states  responsible  for  the  characteristic  ruby  fluorescence.  Normally, 
when  the  ruby  is  unexcited,  a  is  large  and  positive.  The  quantity  a  will 
approach  0  as  the  ion  distribution,  initially  in  the  ground  state, 
approaches  equilibrium  in  the  presence  of  an  intense  radiation  field.  Under 

these  conditions  we  may  expect  the  intensity  reflectivity  of  the  rod-mirror 

2  I 

combination  to  switch  from  Re  to  R 

i- 

2. 2,2,1  Kinetic  Equations  of  the  Avalanche  Process 
The  analysis  which  follows  is  strictly  true  only  for  weak  ab¬ 
sorption  by  the  passive  crystal.  Machine  computation  is  required  for  a 
complete  solution  even  in  this  approximation.  Also,  it  has  been  assumed, 

without  loss  of  generality,  that  the  beam  passing  through  the  passive  rod 
* — - — - — 

MgF 2  anti-reflection  coatings  on  the  ruby  rod  were  found  to  deteriorate 
rapidly.  We  believe  photoelectric  emission  charges  the  film,  and  attract 
dust  particles  which  subsequently  burn,  producing  a  "measled"  appearance. 
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is  of  uniform  cross-section  as  if  a  Galilean  telescope  had  been  used, 
Let  the  energy  density  in  the  first  crystal  be  p^  and 
that  in  the  second,  p^. 

By  conservation  of  total  flux,  we  have  for  every  cross- 
section  A(x) 


p  A  p  A 

p'x)  A(x>-  —  -  2  2  thus,  the  total  energy  E  in  the 


(2.1) 


cavity  is  given  by; 


* 

E  **  B  A.L  +  p  A  Ln  +  ^  L  -  L-.  -  L-p 

4  1  1  2  2  t|  L  1  ZJ 

where  A^  and  are  the  area  and  length  of  the  i  crystal, 


(2.2) 


L  is  the  total  cavity  length,  and 
r\  is  the  index  of  refraction  of  ruby. 


CLL,  .  , 

The  time  rate  of  change  of  the  energy  in  the  resonator,  ^  ,  is  the 
sum  of  three  terms; 
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a)  The  rate  of  decay  due  to  th?.  finite  time  constant,  t, 

of  the  cavity:  -  E/t .  If  ruby  i  has  the  scattering  coefficient  ai, 
then  1/t  -  1/t  c/^and  T0  *'  rt^/c(i_^)  where 

L*  »  Lj+L7  4  (L-LL-L,p/r). 

b)  The  rate  of  increase  due  to  induced  emission  in  the  first 


crystal. 


'  (i)  „u> 


n 


n. 


hv  B 


ipi  AiLi 


V  ^2 


c)  The  rate  of  decay  due  to  absorption  in  the  second  crystal: 

(2)  (2) \ 

1  2  I 

^  y  ^  B2p2  A2L2, 

where  n^  is  the  population  density  in  the  level  in  the 

i—  crystal. 

n^  +  *  N  *  constant 

hv  is  the  energy  of  a  LASER  photon,  and 

is  proportional  to  the  Einstein  B  coefficient  for  the  i 
ruby. 

Upon  adding  these  rates  of  change,  we  obtain: 


th 


dE 

dt 


.  E  hvE  r  (  n£1}  nil))  f  n^2)  n^} 

f  L*  •  V  S2  ’  6l  /  L1BI  “  l  §i  g2 


L2B2).  (2.3) 


The  time  rate  of  change  of  the  population  density  in  crystal  (1) 
is  determined  by  the  competition  between  optical  pumping  and 
Induced  and  spontaneous  emission; 


Lf  lj  mi 


c < iiirn  ftenun 


d 

dt 


where  P  is  the  pumping  rate  and  A  is  the  spontaneous  emission  rate. 
The  tiny*  rate  of  change  of  the  population  density  in  crystal  s 
determined  by  the  competition  between  absorption  and  spontaneous 

emissions 


d_ 

dt 


n^2)n£2)  ] 

| 


a 


(2.5) 


2. 2. 2. 2  Threshold  Conditions 

Ae  will  now  Inquire  into  the  conditions  after  threshold, 
(dE/dt)  *  Qj  when  the  energy  and  population  densities  are  Ci*anging 
rapdily  due  to  induced  emission.  Thus  in  equations  (2.4)  and  (2.5) 
we  may  neglect  the  small  effect  of  the  pumping  and  spontaneous 
emission  terras  compared  to  the  induced  emi?  *on  terms.  These 


equations  then  become  using  the  relations  (2.1  )  and  (  2.2); 


dt 


d_ 

dt 


n^D  n{l 


Si 


n|2)  n£2)J 


g. 


S, 


f  n£l)  n£c)  1 


Si 


fn(2)  n(2) 


g 


r 

'1 


*  This  expression  takes  into  account  that  only  one  nail  the 
atoms  are  pisaped  into  level  2. 


(2.6) 


(2.7) 
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At  threshold,  when  dE/dt  =  9.  we  have 


(2)  (2)  (2) 


1 


H  n  «  0  E  «  E 


o' 


(2.d) 


B-id  equation  (2.3)  may  be  writtei 


Cl)  (it 


Lg2 


n 


1 

8i  l 


(- 

\h- 


/ 


.a>  „a> 


’i.  J  TH 


i>-2 _ 

2  k 

\a  r1L1 


(2.9) 


wnere 


a 


(2) 


(2.1j) 


\ L  S1 

We  see  from  equation  (2.9  )  that  the  quantity  o  has  the  following 
significance; 

In  the  absence  of  the  second  crystal,  a  *  0,  the  threshold 


LCD  Cl) 


value  of 


n 


n. 


L  2 


g. 


is  giver  by 


hv  Bj  tL^ 


»  The  effect  of  intro¬ 


ducing  the  second  crystal  is  to  increase  the  threshold  value  by  the  factor 


1  ,  a. 
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2. 2. 2. 3  Condition  for  Avalanche 

We  no w  ask  What  is  the  condition  that  when  we  have 
reached  threshold  (dE/dt)  *  0,  the  field  will  increase  ((d^E/dt^)>  0) 
from  its  Initial  value  E0  because  the  loss  decreases  faster  than  the 
gain? 

Upon  differentiating  equation  (2,3),  substituting  from 

(2.6)  and  ( 2 .?)  and  evaluating  at  dE/dt  =  0,  we  obtain  the  condition: 

2 

the  second  deri  rtive  (d  E/dr/ )  is  greater  than  zero  wnem 


A-j  30  \  I 

-t-,  M4>  i  -  - 

A->  IB//  a 


(2.11) 


‘2  \flj 

Thus  the  amount  of  demagnification  necessary  in  order  to  achieve 
automatic  shutter  action  depends  on  the  amount  by  which  the  threshold 
for  oscillation  has  been  increased  by  the  addition  of  the  second  ruby 
crystal.  For  a  small  increase  in  threshold,  a  large  demagnification 
is  required #  and  vi^a- versa, 

2. 2. 2. 6  Time  Development  of  Pulsation 
The  shape  of  the  pulsation  can  be  determined  by  inte¬ 
grating  the  three  differneti^l  equation*;  (2.3),  (2.6)  and  (2,7) 
subject  to  the  initial  conditions 
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Ac  threshold. 


'T  - 1 

*0»  dE/dt  - 

(2) 

J2)  (2 

Jnl 

•  H  ,  ^2 

/  (1) 

(1) 

n 

n 

2 

—  -  (U) 

If! 

81 

/n<» 

hv 


tS'> 

TK 

n<«\ 

From  equations  ?",6)  and  f?,7)  one  taav  obtain  ^  - - —  las  a  function 

/  fi)  ^  / 

f  d  I  n^~ 

j[  3t  I  g- 


Upon  substituting  into  equation  (2.3)  one 


obtain*? 


42>  n<2> 

+l2a2(^  g^“ 


/ 


(2.12) 


From  equation  (2,6)  we  have 


(2.13) 


Upon  substituting  the  expression  for  £  from  equation  (2.13)  into  the 
right  hand  side  of  equation  (2,12>  we  may  integrate  (2.12)  directly 
to  obtain 
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(2.14) 


(2)  (2)1 


L2A2  ^  S2 


/« 

(  A- - 


n 


Si 


o 


3v  caking  ''fie  ratio  of  ^quat  n c  j?.6)  a r d  *2.'T'y  and  integrating  over 
the  population  densi  r  i  n*  we  bcetn. 


i2) 


2)\ 


n  \ 


i  -  n 

_  I  I  ^ 

g  /  1 

61  /  I  2 


n 


1 1 


\  h 
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A2  'E2 
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(2.15) 
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i  n2  ni 


\  g7 

\  ^ 


§1 


\ 


*PH/ 


Upor  substituting  into  equation  (2.15)  we  may  obtain  the  energy  Eft) 

tri)  nci)> 

completely  as  a  function  cfl— _X_  ],  Thus  we  may  integrate 


[ni1*  n*  -  j 

function  ofi-^-  j.  Thus 

\=  l  g  1  / 


equation  C2.6)  to  obtain 


dx 


(2.16) 
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whe  re 


x) 


l  n  X  r 


h tem 

i 

2i7 


TH  L1  A  1 


i. 

p 


,V2J 

I  7T  '  ~  ) 

•  ti  s  51  / 


(l 


(1“X) 


(A] p?  A?hi  > 


(2.17) 


4,ld 


At  L 


f_L 

!  2g 


1  \ 


1 


■ 


3-.T 


(2.18) 


equation  (2.16)  may  be  integrated  numerically  Co  obtain  a  a  function 
cf  t  -hen  from  equation  (2.17)  one  may  obtain  E  as  a  function  o£  t. 

j  Ent-’i^/  output  in  a  Pulsation 
Pow^r  is  radjatu  from  one  mirror  at  the  ia^ 


P(t) 


AlT  T  E  (t) 


(2.19) 


L'q 


,.h;  rt  7  is  the  power  transmUdion  coefficient  oi  the  mirror,  Ihe 
third  term  in  equation  (2.19)  is  equal  to  the  second  because  of 
equation  (2.1).  In  the  case  T  =  1  R  we  have; 


P(t)  -  Eft)/rp 


(2.20) 
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rhe  total  energy,  £(t),  radiated  during  the  time  t  is,  frors  equation 
(2.19)i 

E  ( t)  -  fPCt)  -  /  E(tV  dt.  (2 

o  L  ^  o 


Using  equations  (2.9) 

I  /C  E(t)  dt  =»  E(o) 
T  o 
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where 


x  = 


(1)  ,(1)\ 

nTC 

2  x 

^2  §1 


; 


TH 


If  we  consider  the  case  that  at  the  end  of  the  pulse 
E(t!)  »  E(o)  and  r 1,  then  we  have, 

xdai: 


•  *-  j  \  S'?  £>]_ 

E(t)  dt*  hvL,A  — - 

T  Jo  ’  ill  1 


TH 


2 


2S, 

X 


1  - 


A2/B2 

^VB1 


Q 

il4a 


(2.24) 


and  equation  (21)  for  the  total  energy  E  radiated  during  a 
pulsation  becomes: 

[ _ X _ 


E  = 


1»R  4  a1L1+cyL2  j 


h  v  L-|A ^ 


\  *}  rt  <y  1 

Vb2  S1  / 


’1  /  TH 


i  * 


fA2/B2 


vAl/Bi 


14a 


,  (2 


where  we  have  used: 


_  c  (1-R  4  2^ 


nL 


A  minimum  condition  for  the  applicability  of  equation  (2.25)  is  that 
there  should  be  a  pulsation  at  all,  i.e. 


Vhv  u-a. 

VY  o 


(2.26) 


.25) 
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2. 2. 2. 6  Experimental  Results  of  the  Avalanche 

Using  several  absorber  crystals,  the  avalanche  experiment 
was  carried  out.  Under  some  conditions;,  the  expected  pattern  of 
pulsations  appeared,  but  was  difficult  to  reproduce.  Considerable 
difficulty  was  experienced  with  the  telescope  lenses  especially  in 
the  case  of  cemented  doublets  where  the  cementing  material  inevitably 
burned*  For  this  reason*  the  use  of  a  Galilean  telescope  where  the 
magnified  beam  of  small  diameter  passed  through  the  lens  was  soon 
abandoned.  A  unity  power  Keplerian  tele r cope  (two  confocal,  positive 
lenses,  equal  focal  length)  was  substituted  and  the  absorber  ruby 
placed  near  the  common  foci.  See  Figure  5.6. 

It  was  found  that  the  onset  of  oscillations  with  respect 
to  pump  lamp  ignition  was  delayed  by  a  substantial  amount  when  the 
telescope-absorber  components  were  inserted  into  the  space  between 
the  active  ruby  and  the  external  mirror.  Approximately  half  of  the 
threshold  increase,  however,  was  due  to  losses  other  than  resonance 
absorption,  i.e,  scattering. 

A  typical  oscilloscope  record  of  a  successful  avalanche  is 
shown  in  Figure  5.7.  The  .arge  first  spike  which  appears  is  due  to 
the  avalanche  effect,  the  succeeding  small  pulses  are  of  the  "normal" 
type,  sl^nce  the  absorber  cannot  relax  from  transparency  for  a  milli¬ 
second  or  so. 
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Apparatus  for  Avalanche  Experiment 
Figure  5.6 


Oscilloscope  Record  of  Successful  Avalauche 

Figure  5.7 
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2 . 3  The  Double  Excitation  Pulse 

A  second  voltage  pulse  of  high  intensity  and  short  dotation  was 
superimposed  on  the  normal  capacitor  discharge  through  a  helical  xenon 
lamp  used  to  excite  a  ruby  LASER.  A  series  of  relatively  strong  relaxation 
oscillations  were  observed  for  about  15  nsec  following  the  second  intense 
flash. 

This  experiment  was  performed  in  April  1961.  It  was  not  pre¬ 
sented  in  the  last  report  of  June  1961. 

During  the  time  that  the  ruby  is  oscillating  the  popu’  n 
density  of  the  upper  Level  would  be  clamped  to  its  threshold  value,  at 
least  in  the  ideal  case  of  continuous  oscillations  during  the  excitation 
pulse.  Of  the  energy  absorbed  a  definite  (and  relatively  small)  percentage 
is  emitted  as  spontaneous  emission  from  the  fixed  level  population  density. 
This  energy  is  lost  to  the  oscillation.  The  remainder  of  the  absorbed 
energy  must  appear  in  the  oscillation.  The  instantaneous  output  power 
therefore  should  be  nearly  proportional  to  the  instantaneous  rate  of 
energy  absorption  and  hence  to  the  power  input  to  the  flash  lamp. 

In  the  case  of  the  GE  FT  524  h^  leal  xerton  lamp  a  customary 
lamp  input  of  3,000  joules  for  a  duration  of  about  1  msec  is  applied. 

This  is  an  average  input  power  of  about  3  megawatts  or  3  joules/psec . 
Considerable  higher  input  powers  should  be  possible  for  a  very  short 
time,  as  for  instance,  the  discharge  of  1  u-f  at  10,000  volts.  If  this 
second  pulse  is  applied  during  the  time  the  gas  is  already  ioni?.ed  the 
resistive  load  due  to  the  discharge  is  about  one  ohm,  resulting  in  a  time 
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duration  o£  the  second  flash  of  I  usee*  The  instantaneous  input  power 
should  be  50  joules /usee ,  or  an  order  of  magnitude  higher  than  the  normal 
case  - 

The  experimental  arrangement  is  shown  in  Figure  6  o)  ,  The 
main  power  supply  is  adjusted  to  excite  the  ruby  relatively  slowly  just 
to  the  threshold  of  oscillation.  At  this  time  the  high  voltage  low 
capacity  flash  is  triggered  through  an  air  gap,  A  choke  between  the  lamp 
and  the  main  discharge  condensers  prevents  dissipation  ot  the  energy  of 
the  second  flash  in  the  latter  condensers 

The  timing  of  the  second  flash  wac  varied  to  achieve  maximum 
output.  As  expected  because  of  the  low  total  energy  in  the  second  flash 
no  oscillation  was  observed  If  it  was  fired  20-30  usee  before  the  normal 
onset  of  oscillations.  In  addition  the  main  flash  must  excite  the  ruby 
very  close  tc  oscillation  For  this  reason  the  first  flash  was  adjusted 
just  above  threshold  and  a  low  level  of  normal  oscillation  allowed.  The 
timing  of  the  second  Hash  to  occur  after  the  cessation  of  the  low  level 
of  oscillations  was  not  nearly  so  critical  and  oscillations  due  to  the 
second  flash  were  observed  with  delays  of  200-300  usee.  This  is  also 
expected  because  of  the  long  decay  time  of  the  R  levels  and  the  fact 
that  some  pumping  from  the  first  flash  still  exists, 

A  typical  osciLloscope  -race  of  the  detecced  output  ueam  is 
shown  in  Figure  (5, 9). While  the  second  voltage  pulse  to  the  lamp  had  a 
jration  of  ^'iuseCj relaxation  oscillations  arc  observed  for  about  15u.scv. 
This  duration  appears  to  be  due  to  the  electron  relaxation  time  in  the 
lamp  The  spiked  oscillation?  appear  to  be  higher  in  peak,  power  than  the 
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urmal  oscillations  with  the  ruby  fully  excited  but  not  by  the  £ actor  of 
10  that  was  anticipated. 

No  further  work  has  been  done  on  this  technique  during  this 
period  and  none  is  presently  contemplated  for  the  future. 


2,4  Broadband  Emission  from  Ruby 

A  weak  but  broad  emission  band  has  been  observed  at  longei 


wavelengths  than  the  R  lines  in  nominally  pink  ruby  (0,04  wtX)  , 
Excitation  was  by  a  CW  xenon  lamp  and  the  emission  detected  mono- 


hromatically. 


Edition  to 


R  li¬ 


st  6 94 3 A  and  692 7 A 


peaks  ware  observed  not  well  resolved. 


7O80A  and  7140A.  Their  oeak 


brightness  was  less  than  that  of  the  R  liner.  -bout  a  factor  of  20 
but  the  total  integrated  emission  was/^1/2  that  of  the  R  lines.  Such 
bands  were  observed  by  S.  Jacobs^  on  the  long  wavelength  side  of  the 
R  lines  in  emission  and  on  the  short  wavelength  side  in  absorption. 


These  were  in  addition  to  the  neighbor  lilies  he  observed  in  more  con¬ 
centrated  ruby  and  suggest  the  possibility  that  they  arise  from  the 
emission  of  a  phenon  in  the  normal  absorption  or  emission  process  from 
the  R  lines,  Altnough  they  have  not  been  studied  sufficiently  to  draw 
any  concrete  conclusions  the  emission  into  these  bands  is  of  about  cne 
right  magnitude  to  account  for  the  measurement  by  T,  Huiman  of  o 
quantum  efficiency  of  the  R  lines  of  70 %, 


(36)  S.  Jacobs,  Dissertation,  Johns  Hopkins  University  (1956)  unpublis  ^d. 

(J7)  T.  H.  M"*iman,  R.  H,  Hoskins,  I.  J.  D'Haenens,  C  K.  Asawa,  and 
V.  Evtu  ov,  Fhys  Rev,  123,  1151,  (1961) 
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2 >5  Output  Energ/  vs  Reflectivity 

The  following  characteristics  of  a  Ruby  LASER  were  measured: 

1.  Light  output  as  function  of  coating  (reflectivity/ 
transmission) for  a  1  cm  diameter,  0n  orientation  ruby, 

2.  Light  output  as  a  function  of  ruby  angular  orientation. 

3.  Light  output  as  a  function  of  flash  rate. 

The  ruby  was  contained  in  an  efficient  excitation  cavity  consisting  of 
the  exterior  sections  of  two  intersecting  cylindrical  reflectors,  each 
containing  a  straight  xenon  flag  hi amp , 

The  output  of  the  ruby  was  focused  into  a  ballistic  thermopile 
(see  Figure 5. 10)  .The  thermopile  consists  of  2  copper  cylinders,  a 
detector  and  a  reference,  each  with  blackened  10°  conical  holes.  The 
two  cylinders  are  thermally  connected  by  8  series  iron-constanlan 
thermocouples.  The  emf  generated  as  a  remit  of  heating  of  the  detector 
due  to  absorption  of  the  LASER  light  is  measured  with  a  microvoltmeter. 
The  thermopile  generates  146  u  volts/joule  of  light  absorbed. 

2.5.1  Light  Output  vs  Coating  Reflectivity 
The  coating  on  the  transmitting  end  of  the  ruby  was  varied 
from  about  87-64%  reflectivity  and  the  output  measured  as  a  function 
of  power  Input  to  the  lamps.  The  data  are  shown  in  Figure  (:JJQ  , 

The  i^flectivlty  and  transmission  were  not  measured  on  the  rut 
Itself.  A  glass  slide  coated  at  the  same  time  and  in  close  proximity 
to  the  ruby  was  used  instead.  Measurements  were  made  on  a  ref lectometei 
in  which  the  reflectivity  of  the  sample  is  measured  relative  to  the 
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reflectivity  of  two  standard  mirrors,  and  R2-  (see  riferre  ( 5 , I^iThe 

measurements  are  made  as  follows, 

A.  Reflectivity: 

1.  Ur, ht  of  intensity  IQ  is  sent  through  a  monochromator 
(tuned  to  the  green  to  compare  with  previous  data  taken  on  a  Jarrell-Ash 
densitometer),  reflected  off  mirror  Rt  and  the  intensity  of  the  reflected 

beam  measured  with  a  photometer  (path  ABC) . 

2.  Then  the  sample  (with  reflection  coefficient  Rg)  is 

placed  between  Che  light  source  and  Rr  In  this  position  the  light  is 
reflected  from  the  sample  (path  A'DF)  reflects  off  R2  (path  DFE)  and 
then  again  reflects  off  the  sample  and  onco  the  photometer  (FEC') • 

In  this  measurement  black  opaque  paper  is  placed  between  the  sample 

and 

3„  The  two  mirrors  R1  and  ^  are  interchanged  and  steps 
1  and  2  repeated  for 

4.  The  reflectivity  is  calculated  as  follows. 


path  ABC  ■*  R^IQ  or 

2  2 
Path  ADFEC  *  l0R2Rs  or  IoRlRs 

,  .  l/2  /  2 

W.  _  I  Wj 


s 


T71 


=  \^gr2 


1/2 


B_. _ Transmittance: 

1,  measured  as  in  1  above. 

2.  Sample  placed  between  R ^  and  the  source  and  R2  i3 


covered  with  opaque  paper.  The  path  of  the  bean  a=» 


A*  B*  C* . 
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3.  Calculation: 


ABC 


Vo 


A'B'C'-*  r,i„t; 

1  O  S 

'w^1/2 

Vo 


^he  values  for  reflectivity  and  transmission  are  an  average 
of  two  separate  sets  of  measurements.  Values  for  ruby  light  output  at 
each  value  of  power  input  are  an  average  of  three  measurements. 

2.5.2  Output  vs  Rotational  Orientation 

The  optical  output  of  a  1  cm  0°  ruby  with  a  66%  reflective 
coating,  was  measured  at  325  and  400  joules  input,  as  the  ruby  was 
rotated  in  90°  steps  about  its  longitudinal  axis.  The  variation  in  output 
with  orientation  is  small  enough  to  be  within  experimental  error. 

In  a  zero  degree  ruby,  the  angular  position  of  the  ruby  with 
respect  to  the  lamps  is  irrelevant  since  the  light  absorption  is  the  same 
in  all  directions.  However,  in  a  90°  ruby,  the  absorption  of  light 
varies  considerably  with  direction.  In  order  to  determine  whether  this 
would  be  an  important  consideration,  a  1/4”  diameter,  90°  ruby  was 
checked  in  2  positions.  In  the  first  position  the  light  side  of  the  ruby 
was  facing  the  lamps  and  in  the  second,  the  dark  side  was  facing  the 
lamps.  The  data  show  no  significant  difference  between  the  2  positions. 

2.5.3  Light  Output  as  a  Function  of  Flash  Rate. 

The  light  output  was  measured  as  a  function  of  Hash  rate 
(from  1  up  to  20  flashes  per  minute)  for  a  0°  1  cm  diameter  ruby  with 
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a  9J%  reflective  coating.  At  each  flash  rate  the  output  was  measured 
on  the  11th  shot  after  10  consecutive  firings  The  data  are  shown  in 
Figure  0.13), 

2  a, 4.  Comparison  with  a  4  lamp  light  pot 

A  0°  -  1  cm  diameter  ruby  with  an  80%  reflective,  dielectric 
film  was  tested  in  the  two  lamp  light  pot  and  its  energy  output  measured 
from  300-600  joule  input.  Then  the  ruby  was  transferred  to  the  four 
lamp  light  pot  and  the  energy  output  measured  from  650  to  800  joule  input. 
The  data  are  shown  in  Figure  (5. 14) The  slope  of  the  curve  remains  about 
the  same  for  both  light  pots  but  the  output  at  650  and  700  joules  is 
somewhat  low.  This  is  to  be  expected  since  the  lamps  are  not  operating 
at  maximum  efficiency  at  these  low  power  le-  als.  This  effect  also  occurs 
at  325  and  350  joules  but  since  the  ruby  is  so  close  to  threshold  at  that 
output,  the  difference  is  much  smaller. 

3,0  Work  Planned  for  Next  Period 

For  the  next  period  we  plan  a  continued  investigation  of  high 
peak  power  pulses  by  the  Kerr  cell,  rotating  mirror,  and  avalanche 
methods,  and  the  effect  of  these  pulses  on  materials. 
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VI.  Optical  Pumping  of  Rare  garth  Crystals 
10  Summary  of  Work  Performed 

The  study  of  the  optical  pumping  of  rare  earth  ions  during  this 
period  has  mainly  centered  on  the  investigation  of  calcium  tungstate 
crystals  containing  either  DyJ+  or  Nd^+.  Two  crystals  of  GaWO^tNd  have 
oeen  polish'd  to  optical  tolerances.  LASER  oscillation  has  been  observed 
in  both  at  1.065|jl.  No  oscillation  has  yet  bean  observed  (at  5740A)  in 
the  several  crystals  of  CaW0^:Dy  tried. 

2.0  Analysis  of  Work  Performed 
2.1  The  Neodymium  LASER 

3,4*  ^ 

Emission  from  the  NdJ  ion  occurs  from  the  F^«2  ^eve^ 
primarily  to  the  ^lll/2f  and  4l 13/2  levels  at  wavelengths  centered 

around  8800A,  1.06p,  and  l  34p,  respectively.  Each  group  consists  of  a 

t 

series  of  sharp  lines.  The  lifetime  of  the  F^/2  »ev®l  for  0.1%  molar 

concentration  cf  Nd  in  CaWO-  was  observed  to  be  150  psec.  The  strongest 

of  the  emission  lines  ara  those  around  l,06u.  Oscillation  of  these 

68) 

lines  have  previously  been  reported  by  Johnson  and  Nassau (Nd  in  CaWO^) 
and  by  Snitzer^(Nd  in  glass). 

At  TRG  three  boules  of  CaWO^  containing  0.1  molar  percent  of 
dd  have  been  ground  into  cylindrical  rods  and  two  of  these  have  been 
polished  with  the  ends  flat  and  parallel  to  optical  tolerances.  The 
third  is  presently  in  the  process  of  being  polished.  All  of  these  crystals 

(B)  L.  F.  Johnson  and  K.  Nassau,  ?roc,  IRE  49  1704  (1961) 

(9)  E.  Snitzer,  Phys.  Rev.  Let.  ^44  (1961) 
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were  annealed  for  five,  days  at  1250°C  and  cooled  slowly.  Fabrication 
o..  a.  cylindrical  rod  from  a  fourth  boule  was  attempted  without  annealing. 
This  boule  however  shattered  in  the  grinding  process. 

Each  of  the  two  polished  crystals  uu-j  coated  with  an  opaque 
silver  film  on  one  end  and  a  film  of ^5%  transmission  on  the  other.  They 
were  inserted  in  a  quartz  dewar  mounted  inside  the  helical  GE  FT  524  flash 
lamp  surrounded  by  an  Al  reflecting  foil.  Cold  nitrogen  gas  was  passed 
through  the  dewar  to  cool  the  crystal.  Output  gas  temperatures  were 
normally  about  100°K  and  the  crystal  temperatures  were  probably  close  to 
this  value. 

LASER  oscillation  was  observed  from  each  of  the  crystals  with 
an  input  to  the  xenon  lamp  of  300  joules.  Initial  detection  was 
accomplished  with  an  RCA  7102  photomultiplier,  suitable  neutral  density 
filters,  and  an  Infra-red  filter  to  eliminate  all  wavelengths  below 
8500A.  Figure  (6.])shows  a  typical  oscilloscope  trace  with  excitation 
above  threshold.  The  spiked  oscillation  is  observed  superimposed  on 
a  background  of  scattered  light  from  the  clash  lamp,  accepted  over  a 
very  wide  range  of  wavelengths.  The  wavelength  of  oscillation  was 
determined  by  passing  the  light  unrough  a  Jarrell-Ash  monochromator. 

In  one  of  the  crystals  oscillation  occurred  at  10,649A  with  a  width 
certainly  less  than  1A,  and  probably  very  much  less.  These  resulcs 
ha se  been  achieved  very  recently  and  the  characteristics  of  the  LASER 
are  being  investigated. 
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2.2  Investigation  of  Dy  In  CaWO/ 

Since  the  last  report  several  attempts  have  been  made  to 
excite  Dy  to  oscillation  at  5740A,  No  oscillations  have  been  observed. 

Six  different  crystals  have  been  investigated.  These  included 
two  concentrations  of  Dy  ion  and  three  different  orientations  of  the 
c-axis  to  the  axis  of  the  rod.  The  finished  crystals  varied  in  diameter 
from  .25"  to  ,4"  and  in  length  from  1"  to  1-5/8".  All  were  polished 
with  ends  flat  and  parallel,-  Silver  films  were  generally  used  for  the 
reflecting  coatings,  although  one  of  the  crystals  had  a  multilayer 
coating  of  57*  transmission  on  the  output  end.  One  of  the  crystals, 

0.5%  Dy  with  the  c  axis  along  the  axis  of  the  cylinder  (0°  crystal), 
appeared  to  be  of  exceptional  optical  quality. 

Several  excitation  geometries  were  tried.  These  included 
the  normal  helical  GE-FT-524  flash  lamp,  a  similar  lamp  modified  to 
obtain  a  faster  flash  (by  filling  with  Xe  to  higher  pressure),  a 
helical  flash  lamp  filled  with  He  at  relatively  high  pressures,  and  a 
more  efficient  cylindrical  geometry  with  straight  Xe  flash  lamps. 

The  crystal  was  cooled  in  a  quartz  dewar  to  about  100UK 
by  cold  N2  gas  in  each  case.  While  the  inclusion  of  the  dewar  reduces 
the  excitation  efficiency,  there  remains  a  net  gain  for  low  temperature 
operation.  Measurements  at  low  power  indicate  that  the  brightness  of 
emission  at  100°K  is  about  4  times  greater  than  at  room  temperature 
(see  Figure  6.2  )  . 
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the  presence  of  the  dewar  also  makes  the  problem  of  shielding 
against  stray  light  from  the  flash  lamp  more  difficult*  This  background 
light  does  rot  prevent  the  observation  of  an  oscillation,  since  the  output 
beam  of  an  oscillating  crystal  is  normally  (through  a  monochromator)  orders 


of  magnitude  brighter  than  the  background.  However,,  the  observation  of 
the  intensity  of  spontaneous  emission  in  the  presence  of  this  stray  light 


is  more  difficult.  It  has  not  yet  been  measured  adequately  at  high  power 
on  any  of  the  crystals  investigated. 

This  intensity  measurement  is  a  crucial  test  to  indicate  the 
direction  in  which  the  investigation  must  proceed  to  be  successful.  An 
emission  brightness  in  excess  of  the  critical  brightness  for  oscillation 


can  only  mean  either 

a)  the  lower  level  of  the  transition  has  also  been  populated 
(either  by  the  lamp  directly  at  infra-red  wavelengths,  or 
by  decay  from  upper  levels)  or 

b)  the  crystal  quality  is  not  adequate. 

Since  the  latter  is  not  believed  to  be  the  case  filtering  to 
exclude  infra-red  pumping  to  the  lower  levels  would  ,>e  called  for.  On 

the  other  hand,  if  the  emission  brightness  at  high  power  is  below  the 
critical  brightness  for  oscillation,  then  it  would  not  have  been  linear 
with  excitation  power.  Measurements  at  low  power  indicate  that  the 
crystals  will  oscillate  at  5 7 40 A  at  lower  excitation  power  than  ruby. 
Such  saturation  effects  might  come  about  for  several  reasons,  namely, 
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a)  pumping  out  of  the  excited  state 

h)  a  bottle  neck  in  the  non-radiative  transitions  from  the 
absorbing  level  to  the  excited  state  and 
c)  line  broadening  at  high  population  densities  in  the  excited 
state* 

Investigation  of  these  crystals  and  others  at  lower  power 
has  yielded  the  following  Information, 

A  high  pressure  Hg  flash  lamp  excites  Dy  more  efficiently  than 
Xe .  However*  much  of  this  excitation  is  in  the  UV  below  32GGA  and  in 
the  absorption  band  of  the  CaWO^  lattice  itself.  This  may  net  prove  to 
he  desirable  because  of  the  large  heat  loss  involved  in  excitation  at  this 
wavelength  and  subsequent  decay  to  the  lowest  excited  state  of  Dy  at 
21*000  cirf  ’ ,  High  power  Hg  flash  lamps  must  be  operated  hot  because  of 
the  low  vapor  pressure  of  Hg  at  room  temperature.  While  this  involves 
difficulties  it  remains  a  possibility  for  higher  excitation  of  Dy, 

With  the  xenon  flash  lamp*  which  has  very  little  energy  below 
3.090A  blue  phosphorescence  has  been  observed  from  the  crystal  after  an 
intense  flash  The  connection  between  this  and  an  observed  decrease  in 
emission  intensity  directly  after  the  flash  has  not  been  established. 

This  decrease  in  emission  intensity  is  observed  with  excitation  by 
a  GW  xenon  lamp  between  coils  of  the  helical  flash  lamp.  The  5740a  line 
is  detected  through  a  monochromator  and  recorded  continuously  on  a 
Sanborn  recorder.  When  a  shutter  is  inserted  momentarily  between  the 
crystal  and  the  monochromator  the  detected  signal  goes  to  zero  and  returns 
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10  its  original  value*  I f ,,  however  the  flash  lamp  was  fired  during  the 
time*  that  the  shutter  was  in  the  signal  returns  to  only  about  half 

of  its  original  value.  It  increases  slowly  to  nearly  its  original  value 
with  about  a  90  sec  time  constant.  The  long  time  constant  suggests  the 
connection  between  this  decrease  in  intensity  and  the  observed  phosphores¬ 
cence  of  the  crystal.  The  excitation  of  Dv  by  xenon  is  mainly  in  a  series 
of  lines  in  the  blue  between  4200  and  4500A  Filtering  to  eliminate  the 
UV  may  reduce  this  phosphorescence  and  give  better  results  on  emission 
intensity.  At  the  present  time,  however  the  loss  of  efficiency  due  to 
filtering  could  not  be  tolerated. 

Investigation  of  the  infra  red  spectrum  of  Dy  has  not.  revealed 
any  lines  sufficiently  strong  to  oscillate  before  the  yellow  574QA  line. 
However*  the  investigation  has  not  been  very  complete  ar-d  this  possibility 
is  not  entirely  eliminate!,  The  critical  population  density  for  oscilla¬ 
tion  in  an  inira-red  transition  from  the  same  upper  level  could  be  less 
than  for  the  1740a  transition  If  an  oscillation  did  occur  in  the  infra¬ 
red  without  -eing  observed  it  would  damp  the  population  u^nsity  of  the 

i* 

upper  level  anc*  yellow  line  would  never  reach  oscillation 

The  use  of  a  multilayer  reflector  on  ore  of  the  crystals  snould  eliminate 
this  possibility  since  it  only  reflected  well  ir  a  wavelength  band 
centered  at  5740A  and  is  transparent  in  the  inira-red. 

Differences  are  observed  in  the  structure  oi  the  emission 
spectrum  for  different  orientation*,  of  the  crystal  * 

the  rod.  This  indicates  the  existence  cf  both  and'/T radiation  in 


zY  p  axis  oi 
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dirierent  transitions.  Some  polarization  ot  the  emission  must  then  exist. 


These  investigations  will  te  reports 
been  studied. 


n,i 


ly  ■wnen  the  polarization  has 


Excitation  of  Dy  by  a  high  pressure  He  flash  lamp  proved  less 
efficient  than  Ke  although  Dy  has  a  series  of  sharp  absorption  lines  in 
the  neighborhood  of  a  pressure  broadened  3888a  He  line 
2  3  Other  LASER  Materials 

An  improved  low  temperature  apparatus  for  investigating  the 
LASER  possibilities  of  other  materials  has  beer  constructed,  tested  and 
is  ready  for  operation  It  is  shown  in  Figure  *6 .3)  .  The  preparation  of 
various  other  materials  for  investigation  is  reported  in  another  section. 


3,0  Work  planned  for  the  Next  Period 


The  program  on  rare  earths  lor  the  next  period  will  include 
the  following! 

a)  Continued  investigation  of  the  output  characteristics  of  the 
CaWO^Nd  LASER*  including  its  operation  at 

b)  Continued  investigation  of  Dy  in  CaWO^  to  achieve  an  operating 
LASER  at  5 7 40 A,  and 


Investigation  of  the  LASER  possibilities 
ions  in  other  host  lattices.  These  will 
molybdates  and  the  vanadates. 


of  the  rare  earth 
mainly  include  the 
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VII.  Growth  of  Rare  garth  Doped  Crystals 
1 , 0  Summary  of  Work  Per  formed 

The  foremost  type  of  single  crystals  grown  in  this  period  was 
|  the  tungstate  (scheelite)  type*  The  great  majority  of  specimens  con- 
1  sisted  of  calciums  tungstate  (CaWO^)  doped  with  various  concentrations 
of  Nsq  jWCh  in  one  series  and  of  Na^  ^W04  in  another  series, 

I  Six  Dy-doped  crystals  were  grown  (all  at  predetermined  orientation  by 
seeding),  and  five  of  these  were  annealed.  Six  i*doped  crystals  were 
3  similarly  grown,  three  of  which  were  annealed,  doe  crystal  was  grown 
from  a  melt  of  NHq  5*^4*  w^cil  Proved  to  be  inhomogeneous  by 

|  observation  and  by  chemical  analysis  of  the  crystal.  In  place  of  the 
induction  furnace  used  for  the  above  crystal  growths,  a  resistance 
furnace  was  designed  and  built  for  the  lower -melting  host  material: 
lead  molybdate  (PbMoO^) , 

The  earlier  study  of  anhydrous  lanthamm  chloride  as  a  host 
crystal  was  supplemented  in  this  period  by  a  study  of  anhydrous  strontitsa 
chloride  (SrC^) *  The  resistance  furnace  used  for  lead  molybdate  was 
modified  by  maintaining  an  inert  gas-hydrogen  chloride  atmosphere  about 
the  crucible  of  molten  SrC^  to  prevent  its  hydrolysis  and  oxidation. 
Pulling  a  crystal  from  this  melt  (to  be  doped  with  divalent  samarium 
|  chloride)  will  be  attempted, 

A  new  material  for  incorporating  rare  earth  ions  was  prepared: 

|  yttrium  vanadate  (YVO^) .  It  melts  at  about  1800°C  and  seems  to  promote 
I  line  fluorescence  of  rare  earths. 
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2,0  Analysis  of  Work  Performed 

2,1  Tungstate  Type  of  Crystal 
2,1.1  Introduction 

Since  the  beginning  of  1961  T8£  has  conducted  studies  on  the 

growth  of  c&lcitgn  tungstate  (CaWO^)  as  single  crystals.  The  technique 
used  is  to  initiate  crystal  growth  centrally  at  the  surface  of  the  melt 
&nd  to  withdraw  the  growing  crystal  slowly  by  means  of  s  pulling  (and 
rotating)  mechanism  The  melt  is  contained  in  a  large  rhodium  crucible 
which  is  heated  inductively  by  a  45  kw  source  of  rf  power.  Suitable 
Insulation  surrounding  the  crucible  is  provided  and  the  insulation  above 
the  melt  la  adjusted  by  trial  until  temperature  gradients  are  right  for 
growth  of  a  rod-like  boule  by  pulling  and  rotation. 

Various  furnace  configurations  (for  example,  the  number  and  size 
of  turns  in  the  rf  coil)  were  tried,  together  with  increasing  amounts  of 
calciuta  tungstate  melt.  Best  results  are  obtained  when  the  rhodium 
crucible  is  filled  nearly  to  capacity  and  adequate  rf  power  is  used  to 
maintain  the  melt. 

At  first,  crystal  growths  were  initiated  by  dipping  a  slender 
platinum  rod  into  the  melt.  Later,  when  a  supply  of  single  crystal 
specimens  had  accumulated,  seed  crystals  were  prepared  by  cutting  out 
pieces  of  crystals  and  drilling  holes  in  them  for  attachment  to  the 
platinum  rod. 

In  both  initiation  methods  (bare  platinum  and  seed  crystal),  some 
unusually  hot  streaks  in  the  emerging  crystal  occurred  all  too  frequently, 
until  resort  was  made  to  insulation  of  the  platinum  rod  from  the  metal 
chuck  holding  it.  The  electrical  insulation  at  this  point  consists  of  a 
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reflon  sleeve  over  the  end  of  the  platinum  rod  and  this  effectively 
insulates  the  entire  supporting  rig  from  the  me It -to- rod  junction.  The 
hot  streak  at  this  junction  was  thereby  eliminated, 

2,1.2  Experimental  Results 

In  the  period  covered  by  this  report,  several  series  of  tungstate 
type  crystals  were  grown  reliably,  once  the  technique  described  above 
was  established.  The  host  compounds  for  rare-earth  dopants  were; 
calcium  tungstate  CaWO^  (foremost) 

sodium  lanthanum  tungstate  Na^ 

lead  molybdate  PbHoO^ 

All  of  these  compounds  crystal  Hz'-  in  the  tetragonal  system 
(scheelite  -  CaWO^  -  structure).  The  approximate  ionic  diameters  (in  A) 
are  listed  below: ^ 


++ 

Ca 

1.0 

pb^ 

1.2 

Na+ 

1.0 

w6+ 

0.6 

Ls+++ 

1.2 

Ho6+ 

0.6 

The  tripositive  ions  of  the  rare  earth  elements  Ce(At,No,  58) 
through  I.u  (At. No. 71)  have  diameters  diminishing  gradually  from  1.1  to 
0.9A,  Substitution  of  these  ions  in  place  of  Ca  or  ?b  requires 
addition  also  of  Na  in  equal  number  for  charge  compensation.  Otherwise, 
there  would  be  vacancies  in  the  scheelite  lattice. 

Therefore,  the  rare  earth  dopants  were  Na^  ^Rq  or  NEq  ~Rq 

(R  denoting  the  tripositive  rare  earth  ion) .  These  dopants  were*  synthesized 
at  TRG  by  combining  stoichiometric  quantities  of  Na^WO^.  and  WO^(or 
Na2MoO^  and  HoO^)  t  snd  ^2^7  an<*  the  well-blended  powders  at  700°C. 

J.  Green,  Bull,  Geol,  Soc .  Am,  70,  Table  2  (1959) 
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Alternatively,  the  double  salt  Na^  .  1/2  l^O  is  readily  obtained 

in  pure  form  and,  when  fired  (above  ?00°C)  with  the  stoichiometric  amount 
c£  VO3,  displacement  of  50^  and  1/2  ensues  with  formation  of 

NA0 . 5*0 . 5W04 • 

Nearly  all  the  single  crystal  specimens  of  the  tungstate  type 
which  were  produced  during  this  period  are  listed  in  Table  21  .  The 
only  additional  specimens  of  any  significance  are  Nos,  Dy-17,  18  and  19 
(CaWQ^  host)  grown  most  recently  with  0,01  Dy  concentration  and  standard 
orientation.  Fig,  (7*1)  shows  two  of  these  boules  in  addition  to  three 
finished  crystals  containing  Nd  and  Dy, 

A  few  explanatory  remarks  uould  be  made  now  on  the  crystals 
produced.  Standard  orientation  dt  totes  the  angle  with  respect  to  the 
tetragonal  c-axis  at  which  the  cry  a”  grows  spontaneously  (iron  bare 
platinum  rod  initiation  or  sintere  pellet  initiation) ,  The  standard 
orientation  is  not  a  matter  of  chance  but  is  quite  characteristic  as 
demonstrated  by  directions  of  cleavage  and  by  polar imetric  examination. 

Seed  crystals  prepared  on  the  basis  of  this  information  lead  to  the  more 
definite  orientations  of  new  crystal  growths  (0°  and  90°) . 

The  experiment  with  NaQ  eLa0  -W04  was  performed  with  the  same 
apparatus  used  for  CaWQ^  crystals.  The  experiment  with  PbMoO^,  however, 
was  performed  with  another  arrangement  (specially  built  resistance  heater 
furnace)  located  adjacent  to  a  ventilating  hood  because  of  toxic  fumes  from 
PbMo04. 
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Host 

Material 

Melting 

Point 

<°C) 

TABLE  7.1 

List  of  Single  Crystals  Produced 
(chronological  order) 

Dopant 

Con-  Crystal  Weight 

centr&tion*  Orientation  (grams) 

Annealed 

Cods 

Number 

CaW04 

1530 

None 

Standard 

17,8 

No 

Ca-1 

cawo4 

1550 

None 

Standard 

17,6 

No 

Ca-2 

CaW04 

1550 

None 

90°  to  Std, 

46 

No 

Ca-3 

CaWG, 

1550 

0,005  Dy 

90°  to  Std, 

35 

No 

Dy-11 

CaW  04 

1550 

0=005  Dy 

0C  to  c-axis 

45 

Yes 

Dy-12 

c*wg4 

1550 

0,01  Dy 

0°  to  c-axis 

36 

Yes 

Dy-13 

CaWO, 

*4 

1550 

0,01  Dy 

90°to  c-axis 

22 

Yes 

By- 14 

CaWO, 

H 

1550 

0,01  Dy 

90°to  c-axis 

18,5 

Yes 

Dy-15 

CaWO, 

1550 

0,005  Dy 

90°to  c-axis 

26 

Yss 

Dy-16 

Ngt),5La0.5 

W04  1220 

None 

Standard 

13 

No 

PbHo04 

1068 

0,005  Eu 

Standard 

Yes 

Pb-1 

PbMo04 

1068 

0,005  Eu 

Standard 

No 

Pb-2 

PbMoO, 

1068 

0,005  Eu 

Standard 

No 

Pb-3 

CaWO, 

1550 

0,001  Nd 

Standard 

15 

No 

Nd-1 

CaW04 

1550 

0,001  Nd 

90°tc  c-axis 

48 

No 

Nd-2 

CaW04 

1550 

0.001  Nd 

90° to  c-axis 

65 

Yes 

Nd-3 

CaW04 

1550 

0.001  Nd 

0°  to  c-axis 

68 

No 

Nd-4 

CaW04 

1550 

0,001  Nd 

0  to  c-axis 

82 

Yes 

Nd-5 

CaW04 

1550 

0,001  Nd 

0°  to  c-axis 

54 

Yes 

Nd-6 

PbMo04 

1068 

0.005  Eu 

Standard 

15 

No 

Pb-4 

^Numerical 

value  is  for 

x  in  the  formu 

la  Cal-2x 

R  WO,  where  S  is  the 
x  4 

rare  earth  element  noted. 
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The  annealing  of  crystals  was  done  by  propping  the  crystals 
upright  (as  they  had  been  grown)  inside  alumina  crucibles  packed  loosely 
with  alumina  pebbles  and  heating  the  objects  inside  a  silicon  carbide 
resistance  furnace.  The  annealing  cycle  was  manually  programmed  to  a 
temperature  rise  over  a  2*day  period  from  ambient  to  1450°C  maximum 
temperature  (in  the  case  of  Dy-‘12-“-16)  or  1225°C  (in  the  case  Nd-3,5,6), 
held  there  for  five  to  seven  days  and  lowered  to  ambient  temperature 
(in  two  days  for  Dy-crystals,  in  seven  days  for  Hd-erystals) ,  Not  a 
single  crystal  was  cracked  by  these  annealings, 

2,1  3  Discussion  of  Results  in  Growing  the  Tungstate 
Type~oF "'CrysFaT' 

Calcium  tungstate  (melting  point  approximately  1550°C)  is 
readily  grown  as  large  single  crystalline  boules  by  the  technique  described 
above.  As  the  boules  are  fragile,  annealing  is  essential  before  they  can 
be  finished  into  cylindrical  rod  forms.  Optical  clarity  varies  but  some 
rod  specimens  have  been  found  to  be  of  good  quality. 

Examination  of  CaWO,  crystal  fracture  surfaces  shows  that  often 
these  are  multi* faceted  and  not  merely  cone hoi dal ,  Whether  these  re¬ 
present  various  faces  of  a  truly  single  crystal  or  a  mosaic  pattern  of  an 
imperfect  crystal  is  not  certain.  Occasionally  there  Is  found  sharp 
cleavage  of  the  crystals. 

The  composition  of  rare-earth  ion  dope  (NaQ  «-&«  t-WO^  for  example) 
establishes  the  dopant  concentration  in  the  C^WO^  melt#  because  the 
weights  of  the  two  are  always  known.  It  is  assumed  that  the  dopant  con- 
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centrafclon  In  the  crystal  is  the  same  as  that  of  the  melt*  This 
assumption  is  reasonably  valid,  because  of  the  isomorphous  character  of 
the  two  compounds  (the  partition  constant  of  the  dope  between  melt  and 
crystal  1#  close  to  unify).  The  variation  in  dope  concentration  along 
the  axis  of  a  single  boule  should  be  very  slight,  because  at  most  only 
10  to  20  per  cent  of  the  melt  is  withdrawn  to  form  a  single  boule. 

Just  how  the  Ha  and  R  ions  occupy  the  €a  sites  in 
CaWO^  is  not  certain.  Partly  to  secure  information  on  this,  and  partly 
to  find  a  mere  suitable  host  than  CaW 0>  for  europium  ion  (which  has  a 
tendency  to  change  from  4-3  to  +2),  an  experiment  was  undertaken  with 
NaQ  51^0  as  *  host  crystal,  A  preliminary  value  for  the  melting 

point  of  this  was  taken  to  be  1220°C,  In  the  rhodium  melting  pot,  however, 
there  was  evidence  of  a  melt  existing  above  a  heterogeneous  layer  at  this 
temperature.  Although  a  crystal  was  pulled  from  the  melt,  chemical 
analysis  showed  that  its  composition  was  not  Ha^ 

The  best  available  lead  molybdate  (PbMoO^)  was  purchased 
and  used  to  test  its  growth  as  a  single  crystal  doped  with  NaQ ^ ^ ^MoCh  , 
In  the  course  of  densifying  the  commercial  PbrtoG^  by  preheating, 
evolution  of  N02  fumes  at  5C0°C  clearly  indicated  impurity  consisting 
of  lead  nitrate.  Pb(N0^>2*  The  crystal  boule  from  the  eloped  melt  sub¬ 
sequently  was  too  dark-colored  for  acceptance  as  a  candidate  crystal, 

2.2  The  Anhydrous  Chlorides 
2.2,1  Experimental  Results 

The  very  first  crystal  growth  system  investigated  at  TRG 
was  anhydrous  lanthanum  chloride  (LaCi^) ,  Our  experience  of  finding  this 
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system  difficult  to  master  agrees  with  that  of  other  laboratories.  It 
is  felt,  however ,  that  the  LaCl^  host  deserves  furthe?;  consideration 
f  because  it  is  a  favorable  medium  for  sharp  line  fluorescence  of  rare 
J  earth  trichlorides  incorporated  therein. 

As  thff  Bridgman  technique  used  earlier  did  not  yield  good  results 
preparations  have  been  made  to  try  the  pulling-from-melt  technique.  The 
large  quantity  of  anhydrous  chloride  material  required  for  this  purpose 
has  been  made  by  a  new  procedure,  A  resistance  furnace  of  the  type  used 
for  lead  molybdate  has  been  constructed  with  the  modification  of  maintain* 

1  j_ng  an  inert  gas-hydrogen  chloride  atmosphere  about  the  crucible  of  melt 
I  to  prevent  hydrolysis  and  oxidation  of  the  molten  chloride. 

The  procedure  adopted  has  been  applied  to  both  anhydrous  LaCl-j 
and  SrCl7.  The  strontium  chloride  melt  preparation  and  initial  crystal 
growth  test  was  better  than  that  of  lanthanum  chloride,  probably  because 
of  Improved  technique , 

By  means  of  procedures  previously  used  for  small  quantities  of 

s 

chlorides,  supplemented  by  reduction  with  hydrogen,  anhydrous  EuC^  and 
SmC^  have  been  prepared, 

2.2,2  Discussion  of  Results  in  Growing  the  Chloride 
Type  oT  Cf  y s' t aT 

The  difficulty  of  growing  anhydrous  chloride  crystals  can  be 
overcome.  However^  special  precautions  in  handling  the  crystal  will 
have  to  be  taken,  because  of  its  hygroscopic  nature.  This  may  not  be 
an  acute  problem  for  a  large  single  crystal,  as  it  is  for  a  loose  pewder 
of  the  anhydrous  chloride. 
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Th#  Interest  in  strontium  chloride  (SrCi2)  as  a  host, especially 
for  diehlortdes  such  as  SmC^^ay  ha  greater  than  that  in  LaCl-  tor 
trichlorides,  because  of  broadband  light  absorption  by  Sm  .  The  sample 


of  reduced  SaCl-  which  is  available  now  for  doping  of  strontium  chloride 

&r\ 

is  probably  not  100%  SmClj*  however,  as  reported  elsewhere w  for  the 
case  of  fluorides,  even  the  partial  existence  of  the  3®  ion  in  the  +2 
state  is  effective  in  media  such  as  CaF2* 


2,3  Miscellaneous  Crystals 

2 ,3*1  Experimental  Results 

The  properties  of  numerous  crystalline  compounds  have  been 
surveyed  in  searching  for  other  host  compounds  tor  rare  earths.  Hard, 
thermally  conductive  crystals  are  most  desirable  fee  nigh  LASER  power 
applications.  This  generally  means  that  crystals  with  melting  points 
above  1600°C  are  the  best  candidates.  They  should  also  fulfill  the 
requirements  of 

a)  lattice  structures  with  which  rare  earth  dopants  are  compatible, 

b)  stability  toward  thermal  and  other  environments, 

c)  enhancing  the  photoactivation  o£  rare  earth  ions  and/or  not 
quenching  their  luminescence,  and  of  course. 


d)  growabtlity  as  single  crystals. 

([£*)  r  *  , 

A  ready  compilation  of  crystal  structures  -  furnishes  many 
selections  of  candidates  to  choose  from.  The  particular  case  of  yttrium 
vanadate  (YV04),with  which  most  of  the  rare  earth  vanadates  are  isomorphous 


C.G.B.  Garrett,  W.  Ksiser+#nd  Q,  L.  Wood,  ,?F^  orescence  and 
MASER  Effects  In  CaF2:Sm'  ,  Preprint. 

<42  Landolt-Bomstein,  ^ahlenwerte  and  Funktionen,  l.  8d.,  4.  T 
Springer-Yerlag  (195ST*T 
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was  then  investigated.  Yttrium  vanadate  has  the  zircon  structure,  The 
method  puhlished^*^  for  the  preparation  of  YVCh  (from  Y9€U  and  NH/VOn) 
was  followed.  Sintering  finally  at  IOQOJC,  as  directed,  did  not  yield  the 
‘‘gray1*  product,  Repowdered,  the  orange  product  was  fired  at  1600  C 
(without  melting)  to  give  a  white  product  with  a  whitish  fluorescence. 
Repetition  of  this  procedure  resulted  in  a  white  product  but  with  a  bright 
;  red  fluorescence.  Visual  spectroscopic  examination  showed  the  red 
fluorescence  to  he  a  line  (not  band)  fluorescence,  probably  because  of  i 
minute  impurity  of  europitm  ions. 

The  melting  point  of  this  yttrium  vanadate  was  estimated  by 
a  flame  fusion  test  (using  pure  alumina  powder  for  comparison)  to  be  in 
the  neighborhood  of  1800°C,  It  she  *»*.  be  noted  that  the  melting  point  of 

yttrium  oxide  <Y7t>)  is  2dlO°C  and  that  of  vanadium  pentoxide  (V^Oc)  is 

1  J  o  A 

66G°C.  The  latter  cannot  be  sublimed  or  chemically  decomposed  up  to  1800 

As  a  means  of  fluxing  YVCb  ,  the  salt  lithium  vanadate  <Li3vcy 
was  prepared  and  its  melting  point  established  at  about  1200°C.  A  furnace 
was  set  up  to  heat  a  melt  of  Li^V04  and  YV04  in  a  platinum  crucible  and  to 
cool  the  melt  slowly  in  order  to  obtain  well-formed  microcrystals  of  YVC>4 

for  evaluation. 

The  possibility  of  thulium  ion  (Tffi++)  in  the  divalent  state  for 
effective  light  absorption  seems  worth  investigating.  Toward  this  end, 
a  small  quantity  of  anhydrous  thulium  trichloride  (TmCl^)  was  prepared  by 
the  usual  dehydration  method.  The  reduction  of  this  compound  will  require 
an  unusually  vigorous  method. 

^3)  E.  Broch,  Zeit  Physik,  Chem.  B2Q,  3^5  (1933) 

(94  x.  y ,  Sidgwick,  The  Chemical  Elements  and  Their  Compounds.  Oxford: 

The  Clarendon  Press  (1930) ,  page  809 
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1,3/2  Discussion  of  Results 

The  discovery  of  sharp  line  fluorescence  in  yttrium  vanadate 
due  to  a  rate  earth  impurity  (probably  europium)  suggests  strongly  that 
yttrium  vanadate  merits  further  consideration  as  &  host  crystal  for 

rare  earth  ions.  The  compound  YVO^  offers  the  advantage  also  of  directly 

3+ 

incorporating  tripositive  rare  earth  ions  in  place  of  Y  without  the 
necessity  ot  additional  ions  such  as  Ha  for  charge  compensation, 
which  Is  necessary  with  CaWCh  as  a  host. 

Since  the  elements  niobium  (colurobium)  and  tantalum  are  in  the 
same  family  as  vanadium,  yttrium  niobate  (YNbO#)  and  tantalate  (vTaCb) 

*4"  ^ 

also  offer  promise,  especially  since  minerals  of  this  type  are  known. 

They  should  have  melting  points  at  least  as  high  as  that  of  YVO^.  The 
crystal  structure  of  YNbO^  or  YTaG^  is  not  clearly  that  of  zircon. 

The  phosphates,  also  of  analogous  chemical  composition  but  not 
the  same  structure  as  vanadate,  do  not  appear  feasible  to  grow  from  melts 
or  fluxes.  A  very  possible  decomposition  product  ( P2 £5)  is  very  volatile, 
3,0  Work  Planned  for  Next  Period 

3.1  Future  Plans  in  Growing  the  Tungstate  Type  of  Crystal 

The  perfection  of  calcium  tungstate  crystals  is  considered 
worth  further  investigation.  Generally,  the  crystals  have  been  grown 
at  a  linear  rate  of  3/8”  per  hour, which  is  about  as  slow  as  is  practical. 
Perfection  prooably  will  entail  more  exact  preparations  of  seed  crystals, 
various  atmospheres  about  the  crystal-growing  crucible,  systematic 
material  balances  and  chemical  analyses  throughout  a  given  series  of 
rare-earth  doped  crystals,  and  improved  temperature  controls  during 
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growth  of  such  crystals. 


The  rare  earth  ions  (3+)  of  chief  interest  in  CaUG^  or  any 
other  crystal  are  Pr#  Nd,  Sm,  Eu»  Tb  and  0y,  The  tendency  for  Pr  to 
become  +4  is  more  pronounced  than  that  of  Tb.  On  the  other  hand,  Eu  has 
a  more  pronounced  tendency  than  3n  to  become  *2.  These  peculiarities  must 
be  considered  In  the  interpretation  of  optical  and  electrical  phenomena 
in  crystals  containing  these  ions.  Specific  atmospheres  during  growth  and 
annealing  of  the  crystals  may  be  required. 


The  sodium  lanthanum  tungstate  (NaQ  5 La q  host  crystal 

should  be  tested  for  growth  once  again,  but  at  a  temperature  higher  than 
1220°C*  The  melt  from  which  the  crystal  is  pulled  should  then  be  homo¬ 
geneous  .  If  this  test  is  successful,  the  replacement  of  a  small  fraction 
of  La  by  a  rare  earth  ion  would  be  attempted. 

The  lead  molybdate  crystal  (melting  point  1068UC)  can  be  grown 
in  the  specially  designed  and  constructed  resistance  furnace  mentioned 


previously.  Besides  venting  of  the  apparatus,  care  is  necessary  to  check 
the  composition  of  PbHoO^ (MoQ-  volatilisation)  and  correct  it  by  addition 
of  MoO^.  The  relative  stability  of  unusual  valence  states  of  rare  earth 
elements  in  PbHoO^  may  be  compared  with  that  in  CaWO^  and  CaHoO^. 

Calcium  molybdate  undoubtedly  melts  at  a  higher  temperature  than  lead 
molybdate.  Hence  a  vented  induction  furnace  is  recommended  for  CaMob/ , 
which  probably  has  hardness  and  photo-excitation  properties  superior  to 
those  of  PbHoO/  , 

*4 
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3.2  Future  Flans  in  Growing  the  Chloride  Tyne  of  Crystal 

A  limited  effort  should  be  devoted  to  obtain  clear  single 
crystals  of  SrCl2  and/or  LaCl^  doped  with  SmC^  and/or  RCl^  (R-several 
rare  earth  elements) .  The  case  of  yttrium  chloride  (YCl^)  may  be 
advantageous  for  the  heavier  rare  earths. 

Flans  have  been  formulated  for  study  of  &  few  fluoride  systems: 
CaF-,  (which  forms  anomalous  solid  solutions  with  YF^)  and  SrF2  (which 
forms  anomalous  solid  solutions  with  LaF^) ,  Heavier  rare  earth  fluorides 
substitute  readily  with  YF^,  the  lighter  ones  with  LaFv  The  measured 
fluorescence  spectra  of  rare  earths  in  CaF2  '  suggest  that  the  mixed 
fluoride  LaF^  .  YF^  be  studied  as  host  material.  In  general,  fluorides 
are  preferable  to  chlorides  because  they  are  not  as  hygroscopic  as  the 
chlorides  > 

3.3  Future  Flans  for  Miscellaneous  Crystals 

Planning  the  work  with  new  crystal  candidates  Is  subject  to 
frequent  revisions  as  experience  with  their  preparation  may  dictate. 

The  yttrium  vanadate  should  be  obtainable  in  micro-crystalline 
form  for  evaluation  at  an  early  date.  The  design  and  construction  of  a 
very  high  temperature  furnace  (for  i8GQ°C  operation)  is  under  way  in 
anticipation  of  growing  crystals  of  YVO^  or  other  material  from  the  melt. 

Several  other  kinds  of  oxy-salts  will  be  considered  for  pre¬ 
liminary  examination:  tifanosilicate  (CaTiSiOj),  yttrium  gallium  gurnet 
(YjGa^012)f  and  cerate,,  (Na^CeQy  to  mention  only  three  types. 

Oxide  crystals  (other  than  Ti02,  A  1.7  0^  or  Mg0)will  require 

N  Chatter jee,  Zeit,  f,  Physik  113.  96  (1939) 
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extreme 1 y  high  temperatures  in  those  relatively  tew  cases  ^hicb  &re 
stable  in  the  melt.  Moderate  melting  oxides  such  as  %2°$  or  SiO^  iend 
to  form  glasses.  Mixed  oxides  offer  more  possibilities,,  as  do  the  oxy- 
salts.  Many  oxygen  compounds  cannot  be  classified  definitely  as  an 
oxy-salt  or  mixed  oxide. 
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VIII,  Optical  Devices 


1»Q  Summary  of  Work  Performed 

Experimental  and  analytical  work  lias  shown  that  efficient 
coupling  in  optical  piling  can  he  achieved  using  a  reflective 
circular  cylinder.  Efficiencies  are  higher  than  ka. diitus*  cavities 
or  reflective  ellipses  under  conditions  where  the  lamp  and  sample 
diameters  are  not  negligible  compared  to  the  cavity  diameter. 

A  theoretical  analysis  of  the  properties  of  cube  comer 
interferometers  has  been  experimentally  verified.  An  attempt  was  made 
to  build  an  oscillator  using  such  an  interferometer  as  a  resonant 
cavity. 

2,0  Analysis  of  Work  Performed 

2,1  Efficient  Optical  Pumping 

A  common  technique  for  optically  pumping  ruby  is  to  place 
the  crystal  in  a  helically  shaped  discharge  tube.  Typical  thresholds 
for  oscillation  in  such  a  configuration  range  from  1000  to  3000  joules 
into  the  discharge  lamp. 

If  the  shape  of  the  object  to  be  pumped  is  a  slender  cylinder, 
as  it  is  in  the  case  of  ruby  or  some  optically  pumped  gas  systems,  a 
more  efficient  scheme  may  be  to  image  a  line  source  onto  the  medium. 

An  ideal  configuration  is  that  of  an  elliptical  cylinder  with  the  source 
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at  one  line  focus  and  the  ruby  at  the  other. 

Several  such  cavities  were  made  for  the  helium  pumped  cesium 
system.  Some  were  machined  out  of  aluminum  and  one  was  fabricated  from 
glass.  It  becomes  apparent  that  while  a  line  at  one  focus  is  imaged 

t 

into  a  line  at  the  other,  a  source  of  finite  diameter  will  be  imaged 
with  varying  magnification  depending  on  the  zone  of  the  elliptical 
erass*seetion  chosen*  That  is,  rays  focussed  by  that  part  of  the 
cylinder  nearest  the  focus  will  form  an  image  reduced  in  size  while 
those  rays  focussed  by  the  part  nearest  the  source  will  form  an 
enlarged  image*  This  coma  tic  image  formation  results  in  a  lack  of 
pumping  efficiency. 

An  effort  was  made  to  reduce  this  loss  by  constructing  a 
diffuse  reflecting  cavity  as  discussed  in  the  previous  report.  Similar 
small  cavities  were  constructed  for  a  ruby  1ASEH  and  evaluated.  Typical 
thrcuholds  were  350  to  400  joules. 

An  alternative  procedure  to  reduce  the  loss  due  to  image 
magnification  is  to  work  with  a  specular  elliptical  cavity  whose 
eccentricity  is  as  small  as  possible*  As  a  matter  of  fact,  for  a  source 
of  finite,  extent  to  be  imaged  on  an  absorber  of  iitce  size,  an  efficient 
cavity  is  a  circular  cylinder  with  the  source  and  absorber  placed 
diametrically  equidistant  from  the  center.  This  structure  was  used 
with  a  ruby  1A3ER  and  typical  thresholds  were  170  to  200  joules. 
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A  LASER  was  constructed  with  a  ruby  whose  dimensions  were  1/4"  x  1*1/2 11 
in  such  a  reflecting  cavity  and  had  a  threshold  of  70  joules* 

This  configuration  has  been  applied  to  the  helium-cesium 
experiment  and  a  gain  of  two  is  expected  in  the  pumping  efficiency. 

2.2  Cube-Corner  Fabry- Perot  Interferometer 

The  analysis  of  cube -comer  reflectors  has  been  submitted  to 
the  Journal  of  the  Optical  Society  of  America  by  Peck.  His  predictions 
as  to  the  polarized  nature  of  the  fringe  systems  ware  experimentally 
verified  at  TRG  and  a  paper  submitted  to  JOSA,  This  paper  is  reproduced 
on  the  following  pages. 
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Scheduled  for  publication  in  the  JOSA,  April  1962 


ABSTRACT 

CUBE -CORNER  FABRY-PEROT  INTERFEROMETER 

f 

by  p.  Rabinowttz,  S.  F.  Jacobs 
X,  Shultz  and  G.  Gould 

TRG4  Incorporated 
Syosset,  New  York 

Polarized  Haidinger  fringes  have  bean  observed  in  a 
Fabry-Perot  interferes  ter  with  one  flat  replaced  by  a  cube  comer 
prisa.  Orientation  of  the  polarization  planes  of  the  fringes  and  their 
relative  phase  shifts  have  been  iseasured.  So  toe  applications  are 
suggested. 
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The  polarisation  properties  of  cube-corner  reflectors 
have  been  analysed  theoretically  by  Peck  in  the  preceding  article* 

He  has  shown  that  when  one  flat  of  a  Fabry-Pe,  ot  cavity  is  replaced 
by  a  cube  corner,  6  eigenpolartzations  (invariant  polarisation  states) 
exists  that  is,  2  orthogonal,  plane-polarized  standing  waves  with 
different  effective  optical  path  lengths  may  be  excited  through  each 
pair  of  opposite  sextants  (Figure  la),  Peck-s  results  indicate  that 
when  this  cavity  is  used  as  an  interferometer,  orthogonal  plane-polarized 
Haidinger  fringe  systems  will  be  observed,  corresponding  to  two  plane- 
polarized  standing  waves  within  the  cavity. 

The  predicted  fringes  were  observed  with  an  etalon  con¬ 
structed  in  this  laboratory  (Figure  2),  A  solid  etalon  was  used, 
rather  than  a  separate  cube  comer  and  flat,  to  obviate  the  need  to 
anti-reflection  coat  the  entrance  face  of  the  cube  prism.  This  etalon 
consisted  of  a  cube-corner  prism  of  BK7  crown  glass  whose  entrance  face 
was  coated  with  a  partially  transmitting  silver  film  (approximately  5% 
transmittance).  The  prism  faces  were  flat  to  7\/2Q,  The  prism  measured 
approximately  1/2 H  from  apex  to  entrance  face.  No  effort  was  made  to 
construct  the  entxanee  face  of  the  prism  exactly  normal  to  the  cube 
symmetry  axis.  The  right  angles  of  the  cube  were  accurate  to  within 
2  seconds  of  arc. 
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Unpolarized  light  from  a  water-cooled  Hg  lamp  was 
introduced  by  means  of  2  front  surface  aluminized  mirrors »  ea^h 
set  at  45s  to  the  seam  (Figure  2).  Since  a  mirror  introduces  ellipti¬ 
cal  polarization  when  used  at  non-normal  incidence,  the  plane?  of  inci¬ 
dence  of  the  mirrors  were  made  orthogonal  so  that  the  elliptical  polari¬ 
zation  of  the  first  reflection  was  compensated  by  the  second*  A  mask 
was  placed  over  the  face  of  the  prism  so  that  light  entered  and  emerged 
from  opposite  sextants  (Figure  lb) ,  thus  making  possible  measurements  of 
the  polarization  direction  with  respect  to  individual  sextants.  The 
output  light  was  analyzed  with  a  Nicol  prism  whose  angular  position  was 
measured  to  within  1°. 

The  two  sets  of  iringes,  observed  from  each  sextant  (Figure  3), 
could  be  independently  extinguished  by  rotation  of  the  Nicol  prism. 

The  orientations  of  the  planes  of  polarization  for  light  emerging  from 
each  sextant  were  separately  measured  to  be  16  _  0,5°  and  106  _  0.3*, 
in  good  agreement  with  Peck’s  calculated  values,  9  «  16.32*,  106,32*. 
Figure  4  shows  the  convention  used  for  measuring  these  angles  with 
respect  to  each  cube  edge. 

Differential  phase  shifts  upon  reflection  through  the  prism 
cause  different  effective  optical  path  lengths  for  each  of  the  pairs  of 
standing  waves.  The  phase  difference  was  determined  oy  measuring,  on 
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the  two  fringe  systems.  The 


s  ''tographj  the  relative  diameters  of 
measured  value  was  16-  _  1Q§,  compared  with  no  ■  l5/»^’r  calculated 
Dy  Feck.  The  deviation  from  Feck?s  value  may  be  due  to  two  causes: 
distortion  of  the  fringe  contours  by  overlapping  of  neighboring  fringes, 
and  the  tact  that  the  system  optic  axis  is  slightly  skew  from  the  normal 
to  the  entrance  face,  an  orientation  built  into  the  prism  and  differing 
slightly  from  the  ease  Peck  analysed. 


These  observations,  although  made  with  an  etaion,  demonstrate 
Che  feasibility  of  using  cube-corner  elements  in  a  Fabry-Perot  inter* 
feronseter  with  the  flat  and  cube  as  separate  elements ,  (See  Flgare  5) 
With  such  an  interferometer  the  free  spectral  range  and  resolution  a^e 
identical  with  those  of  a  plane  Fabry-Perot  of  comparable  reflectance 
and  twice  the  separation.  This  is  true  because  a  ray  must  make  two 
reflections  from  the  flat  before  interference  takes  place.  The  optical 
separation,  to  be  compared  with  the  t  of  the  plane  Fabry-Perot,  is  twice 
the  optical  path  length  measured  along  a  ray  constructed  normal  to  the 
flat  and  extending  to  the  apex  of  the  prism,  tak  ing  into  account  the 
refraction  of  the  ray  at  the  prism  interface  (see  Figure  6). 

Alignment  of  this  interferometer  (separate  flat  and  cube 
corner  reflectors)  is  insensitive  to  rotation  of  its  elements  because 
of  the  retrodireetive  property  of  the  cube.  The  limit  of  rotation  of 
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the  cube  corner  is  set  by  the  requirement  for  total  internal  reflection 

in  the  cube-comer  pr ism.  (If  a  triple  mirror  with  metallic  coatings 

is  used,  rather  than  a  prism,  the  limit  of  rotation  is  set  by  reduction 

of  aperture).  The  limit  of  tilt  of  the  flat  is  set  by  the  gross 

requirement  that  the  beam  be  vatu  .ed  to  the  cube  corner* 

The  property  of  angular  insensitivity  makes  the  Fabry-Perot 

interferometer,  composed  of  separate  cube  and  flat,  especially  suited 

for  applications  where  stability  of  alignment  is  a  major  consideration. 

In  particular,  the  motivation  for  this  work  was  to  develop  a  more  stable 

resonator  than  the  plane  Fabry-Perot  interferometer  for  LASER  applications 

The  present  work  demonstrate:*  the  feasibility  of  a  cube-corner  optical 

resonator  and  work  is  in  progress  in  this  laboratory  to  construct  a 

He -He  LASER  utilizing  a  cube-corner  resonator. 

An  additional  application  for  tills  interferometer  lies  in  the 

mechanical  scanning  of  fringes  by  longitudinal  motion  of  the  prism,  in 

(1*2) 

much  the  ssm*1  way  as  is  done  with  the  Hichelson  interferometer 
It  should  be  possible  to  scan  over  large  distances  (several  meters) 
without  loss  of  alignment.  Another  application  is  in  interferometry 

(1)  E.  R,  Peck,  J.  Opt,  Soc,  Am,  38,  66  1948 

(2)  E,  R,  Peck,  J,  Opt,  Soc.  Am,  38,  1015,  1948 
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outside  the  visible  region  of  the  spectrum  involving  the  use  of  materials 
which  are  opaque  in  the  visible,  With  cube-corner  Faory-Perot  inter¬ 
ferometer,  good  alignment  will  be  assured,  provided  there  is  adequate 
optical  homogeneity  in  the  optical  laaterial* 
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Figure  1  -  a)  Entrance  face  of  a  cube  corner  prism,  Real  edges 

drawn  as  full  lines;  Reflected  edges  as  dotted  lines. 

b)  Mask,  placed  over  face  of  prism  to  isolate  pairs 
of  opposite  sextants. 


Figure  2  -  Arrangement  for  observing  polarized  fringes  through 

cube  corner  e talon.  S  •  source;  light  normal  to  paper 
M^,  *  mirrors  oriented  45*  to  beam. 

E  *  cube  comer  etalon  <fith  silvered  entrance  face, 

A  *  analyzer. 


Figure  3 


Polarized  fri\^s  of  cube  corner  Fabry-Perot 
interferometer . 


Figure  4  -  Reference  system  used  for  measurement  of  eigenpolarlzation 
directions.  Only  one  of  the  two  orthogonal  polarizations 
is  shown  for  each  sextant. 
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Figure  3 
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Inasmuch  as  the  cube -corner  used  in  this  e;*perin*mtsi  worn  appears  - 

to  be  of  high  quality, an  effort  was  made  to  use  it  in  a  cavity  with 
helium-neon*  The  simplicity  of  such  a  device  is  very  appealing.  With 
an  optical  flat  at  one  end  and  the  cube-corner  on  the  other  end,  the 
only  adjustment  necessary  is  to  align  the  normal  to  the  flat  parallel 
to  the  axis  of  the  tube.  This  is  done  to  avoid  losses  by  vignetting  and 
the  angular  tolerance,  9,  is  approximately  given  by: 

3  «  — 

57  1  g  *  » 

I  Jl* 

where  D  is  the  diameter  of  the  amplifying  medium  and  L  is  its  length. 
This  is  based  on  a  criterion  of  no  more  than  1J%  vignetting.  The 
presence  of  vignetting  means  only  that  the  bean  diameter  is  reduced 
and  does  not  other  wise  errect  tne  thresnolo  condition,  in  the  case  o. 
helisas-neon,  D  is  approximate  v  centimeter  anu  l1*  130  centiliters. 

Thus  the  accuracy  required  is  about  J  uiiv.; tes  or  arc. 

The  apparatus  was  built  and  no  osciii.ar.ii.au  were  observed. 

A  post  mortem  led  to  a  mure  easeful  consideration  or  botn  uirfraetioa 
losses  and  losses  from  lack  of  planarity  of  the  cube  surfaces,  and  it 
was  concluded  Chat  this  type  of  resonator  is  useful  only  for  high  gain 
systems,  it  is  assumed  that  it  is  the  cavity  at  tault  rather  tnan  tne 
remainder  of  the  apparatus,  and  a  type  of  con focal  cavity  is  being 
substituted  for  the  cube-corner,  A  coniocal  cavity  is  one  in  which  two 
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spherical  surfaces  are  used  such  that  their  focal  points  are  coincident . 
Resonant  modm  with  low  diffraction  loss  can  still  exist  if  spheres  are 
used  with  &  smaller  separation  than  their  radius.  The  sarae  is  true  if  a 
flat  is  used  against  a  sphere  provided  that  the  sphere  has  a  radius  of 
at  least  twice  the  separation  of  sphere  and  flat.  Such  a  cavity  has 
been  constructed  and  does  sustain  oscillation, 

3,0  Work  Planned  for  Next  Period 

Several  resonant  cavities  will  be  constructed  for  the 
helium-neon  system.  A  sphere -flat  combination  with  the  radius  of  the 
sphere  being  more  than  twice  the  sphere-flat  separation  sustains 
oscillation  and  its  mode  patterns  and  other  properties  will  be  studied, 

A  confocal  type  with  two  spheres  separated  by  their  radius  is  being 
designed.  This  will  have  external  mirrors  and  have  windows  enclosing 
the  helium  and  neon  at  Brewster* s  angle.  A  plane  Fabry-Ferot  helium-aeon 
cavity  is  also  being  built. 

The  crossed  roof  prism  interferometer  (see  Figure  8,1)  will  be 
used  with  ruby.  The  ends  of  the  ruby  themselves  will  be  polished  at 
Brewster *s  angle,  although  for  a  first  attempt  anti» re flection  coatings 

will  be  used. 


TECHNICAL  RESEARCH  GROUP 


159. 


using  i 
Should 
cavity 


A  long,  (one  raster) ,  helium -cesium  cavity  Is  being  built 
sphere- flat  combination  as  in  the  helium-neon  system, 
the  gain  reach  the  calculated  values,  a  crossed  roof  reflector 
will  be  substituted  for  the  sphere- flat  interferometer. 
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